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Chapter 1 Introduction 
 
1. Integral Bridge Concept 
1.1 Need for Integral Bridge Study 
Needless to say, the function of bridge is crossing the departed sides. 
Mankind has been constructed numerous bridges; bridge engineering has 
been developing along with their history. Even ancient age, a number 
of large scale structures were constructed without modern structural 
engineering. Some remarkable structures have served against aging, 
environmental effects and turbulences as wars for thousands of years 
(Photo 1.1) ［1-1］.  
 
 
Photo 1.1: Pont du Gard (Gard département, France) 
 
Modern and recent development in structural engineering have 
accomplished various form of structural design, mile-scale span, hybrid 
structure, sophisticated seismic design e.g. isolation design etc. The 
development in structural engineering is urged by numerical approach, 
industrialised fabrication and developments in construction materials. 
In particular, structural mechanics and numerical analysis made it 
possible to conduct various structural analyses; even highly complex 
phenomena can be simulated by the technology of structural analysis.  
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By the way, structural analysis is conducted by idealising actual 
structures into simplified structural models. In a sénse, the 
achievement of structural engineering in design has developed with 
simplified modelling of the structural systems; in this way, bearings 
and expansion joints have been essential to implement the assumed 
behaviour of simplified and idealised structural models. 
In spite of the development of the analytical technology that enables 
complex structural design, however conventional simplified structural 
systems, e.g. simply supported bridges with bearings and expansion 
joints at both abutments, are still employed to numerous bridges in 
accustomed manner of practice (Fig. 1.1). 
 
 
Fig. 1.1: Simply supported bridge 
 
These kinds of modern bridges with simplified structural system have 
been ironically suffered from maintenance issues for their modernised 
bridge accessory devices. Failed expansion joints by fatigue, leaked 
expansion joints and corroded bearings are representative phenomena for 
maintenance problems of modernised form of bridge systems. These kinds 
of problems are increasingly loading the cost and effort for the 
maintenance of bridges along with the stock of infrastructure in the 
aging society with declining birth rate. Because approximately the same 
amount of money spent on bridge construction is required to maintain 
it during its lifetime. The issue is recognised among many people 
concerned with infrastructure.  
Thus, the rationalisation and sophistication of bridge maintenance is 
essential to resolve the issue. In these circumstances, a simple idea 
to eliminate the modernised accessory devises so far as possible would 
be reasonable as a countermeasure for the issue. Integral bridge solution 
would be supposed an answer for the problems. It is also focused in 
European countries and North America over recent years for same reasons.  
Integral bridge is characterised by a monolithic articulation between 
deck and abutment (Fig. 1.2). Bearings and expansion joints can be 
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therefore eliminated or reduced to the minimum and the superstructure 
acts as a single structural unit. This gives a remarkably increased 
redundancy with improved response towards seismic and other extreme 
events. 
 
Fig. 1.2: Integral bridge 
 
Step2: Cast lower part of pile caps
Step3: Place steel/precast beams and cast deck
Step4: Cast upper part of pile capsStep1: Drive Piles
Step5: Earth works
 
Fig. 1.3: Construction procedure of integral bridge 
using steel/precast prestressed concrete beams 
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Steel and prestressed concrete beams are usually employed for integral 
bridge construction in the U.K., U.S.A and Canada. The industrialised 
manner of construction with prefabricated beams enables the 
popularisation of integral bridge construction for its economical aspect 
and short construction period. 
The standard integral bridge construction procedure using 
steel/prestressed concrete beams is shown in Fig. 1.3. 
Since integral bridge constrains the longitudinal movement of 
temperature change, shrinkage, creep etc., the range of applicable 
bridge length is limited to short and middle long bridges. However, 
majority of the bridges are such short and middle long bridges; integral 
bridge diffusion would give eminent benefits to the society. 
Thus, the study on integral bridge is highly beneficial for bridge 
engineering. The supreme aim of this study is wide diffusion of integral 
bridges. 
The scope of the study on this dissertation is to grasp the fundamentally 
structural characteristics in comprehensive fields to urge the wide 
range of studies as a clue. The study was conducted on following aspects. 
- state of art 
- static characteristics 
- seismic design (toward displacement based design) 
- vibrational serviceability 
- application of high performance lightweight aggregate 
concrete to extend the range of integral bridge solution 
 
 
1.2 Contents of Dissertation 
This dissertation comprises seven chapters. It comprehensively 
discusses the fundamentally structural characteristics of integral 
bridges. 
State of art of integral bridge construction is described in Chapter 
2 with the information of foreign countries. 
Static behaviour of integral bridges is discussed in Chapter 3 for 
primary load with case study on single span integral bridge and multiple 
spans continuous curved bridge. 
Seismic design of integral bridge is discussed in Chapter 4, mainly for 
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the approach toward displacement based design for integral bridge. 
Vibrational serviceability under traffic load on single span integral 
bridge is discussed with comparison among four different types of 
structural systems by numerical approach in Chapter 5. The compared 
structural systems are conventionally simply supported bridge, extended 
deck bridge, semi-integral bridge and integral bridge. Desirable 
extended deck length for vibrational control is also discussed. 
The approach toward the extension of the range of integral bridge 
application by high performance lightweight concrete is discussed in 
Chapter 6. The fundamental material properties, e.g. creep and shrinkage, 
of high performance lightweight aggregate (HLA) and high performance 
lightweight aggregate concrete (HLAC) are discussed with experimental 
approach. The confining effects of HLAC are discussed with the 
experiments. Novel numerical model to estimate the stress-strain 
relationship of confined HLAC is proposed. Vibrational serviceability 
of integral bridges with HLAC is also discussed with comparison to the 
counterparts of normal concrete. 
The conclusion, vista and feature assignment of the studies are discussed 
in Chapter 7. 
 
 
1.3 Definitions of Terms Related to Integral Bridge 
The follows are the definitions of the terms related with integral 
bridges. 
 
(1) Asphaltic Plug Joint 
An in situ joint in the pavement, comprising a band of specially 
formulated flexible material which may also form the surfacing. 
 
(2) Abutment 
The part of a bridge structure that abuts the roadway pavement 
and formation at the end of a bridge. 
 
(3) Bank Pad Abutment 
Bank seat end support for bridge constructed internally with deck, 
acting as a shallow foundation for end span as a shallow retaining 
wall for adjoining pavements and embankment (Fig. 1.4). 
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Fig. 1.4: Bank pad abutment 
 
(4) Embedded Abutment 
End support for bridge comprising a diaphragm wall (including 
contiguous, or secant or sheet pile walls) with toe embedded in 
ground below lower ground surface (Fig. 1.5). 
 
Fig 1.5: Embedded abutment 
 
(5) End Screen Abutment 
Wall structure cast monolithic with and supported off the end of 
bridge deck providing retaining wall for adjoining ground, but 




Fig. 1.6: End screen abutment 
 
 
(6) Extended Deck/Deck Extension 
A deck which is extended continuously forward approach with 
expansion joint at the end of the extended deck (Fig. 1.7). 
 Fig. 1.7: Example of extended deck detail 
 
(7) Frame Abutment 
End support for bridge constructed integrally with the deck and 




Fig. 1.8: Frame abutment 
 
 
(8) Granular Backfill 
Selected granular material placed adjacent to the abutment wall 
and forming the subgrade for the adjoining pavement construction. 
 
(9) Integral Abutment 
Bridge abutment which is connected to the bridge deck without any 








Fig. 1.10: Steel superstructure integral abutment 
 
 
(10) Integral Bridge 















Fig. 1.11: Elevation of typical integral bridge 
 
 
(11) Pavement/Abutment Interface 





Change (of temperature, strain) between extreme minimum and 
extreme maximum. 
 
(13) Semi-Integral Bridge 
A bridge which has bearings beneath the short piers on the abutments 
without expansion joints (Fig. 1.12). 
 
Fig. 1.12: Semi-integral abutment 
 
(14) Stationary Point 
The point on a bridge in plan which does not move when the bridge 
experiences expansion or contraction during changes in bridge 
temperature. 
 
(15) Sub-surface Drainage 
A system for draining water from water from within the surfacing. 
 
(16) Surface 
The carriageway or footway surface. 
 
(17) Surfacing 




[1-2] BURKE M.P.Jr. Integral Bridges – Attributes and limitations, 
Transp. Res. Rec. 1993, pp.1-8, Transportation Research Board, 
2003. 
[1-3] POTZL, M., SCHLAICH, J. Robust Concrete Bridges without Bearings 
and Joints, Structural Engineering International, Vol.6, No.4, 
International Association for Bridge and Structural Engineering, 





Chapter 2 State of Art of Integral Bridge Construction 
 
2.1 Introduction 
Integral bridge construction is widely employed and developed in many 
countries. Especially, numerous integral bridges have been constructed 
and maintained for decades in U.S.A., the U.K., and Canada. 
Since integral bridge construction is not popular in Japan compared with 
above countries, the research of state of art over recent years in foreign 
countries would be of good use to consider feature design and 
construction of integral bridges in Japan. 
Hereinafter state of art of integral bridges in each country and region 
is described including present situation in Japan. 
 
2.2 State of Art of Integral Bridges in Japan 
2.2.1 Design Codes 
Although integral bridges in Japan are not popular compared with the 
U.K. and North America, they are increasingly employed in expressway 
and highway bridges. The major reasons of the boost of the integral bridge 
application are cost efficiency and maintenance friendliness. 
Specifications for Highway Bridges and Design Standards of Railway 
Structures neither specify nor refer to the integral bridges and integral 
abutments [2-1, 2-2]. 
However, NEXCO companies (East, Central and West Nippon Expressway 
Corporation) specify the single span integral bridge, so-called portal 
rigid frame bridge, in their Design Guidelines Part II [2-3]. It specifies 
the follows. 
 
- Skews:  
Skews shall be basically 0 ﾟ, however they can be allowed up to 
15 ﾟ when skewed condition is inevitable. 
- Earth pressure:  
One side earth pressure shall be considered for each abutment; 
Coulomb earth pressure model shall be employed. Surcharge load 
by live load for earth pressure calculation shall be assumed as 
0,01 N/mm2. 
- Structural modelling 
- Allowable crack width(Table 2.1): 
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Table 2.1: Allowable crack width              (mm)    
Type of member Allowable crack width Remarks 
Upper edge of abutment 0,0035C 
Other members 0,0050C 
C:cover 
 
- Redistribution of stress after cracking: 
The stress of upper edge of tensile reinforcement shall be taken 
as 110 % of the calculated value by elastic analysis. 
- Structural details 
- Construction procedure and its attentions 
 
On the other hand, Public Works Research Centre and Nippon Steel 
Corporation have proposed Guidelines for Planning of Steel Integral 
Bridges (draft) [2-4]. The Guidelines does not scope only single span 
integral bridges, but also multiple span bridges. It specifies the 
follows. 
 
- Approximate applicable bridge length is up to ca. 50 m. 
- Skew should be basically 0 ﾟ. 
- Single row pile foundation is recommended for its little 
constraint of displacement and stress. 
- Modelling for structural design 
- Earth pressure 
- Structural details 
- Construction procedure and its attentions 
 
2.2.2 Examples of Actual Integral Bridges in Japan 
(1) Kujira Bridge 
Kujira bridge is 107 m long prestressed concrete single span integral 
bridge, constructed as a foot bridge in the east district of Tama New 
Town, located in the outskirt of Tokyo Metropolitan (Photo 2.1) [2-5, 
2-6].  
The span length, 100,5 m, is the longest among single span prestressed 
concrete bridges in Japan (Figs. 2.1 and 2.2). The bridge comprises roundly 
curved “ship bottom” shaped 4-cell multiple girder that was determined 
for the aesthetic reason. 
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The author engaged in structural design and construction; it completed 
in June 1997.  
The author made field visual inspection for the bridge in May 2007, 
approximately 10 years later from the completion.  
Although there pavement cracks has appeared at the both ends of the 
approach slabs (Photo 2.2), they do not obstacles any serviceability as 
a foot bridge. In addition, there is no prominent deterioration nor 
cracks appeared in the structural members as of the day of 10 years since 































































Photo 2.1: General view of Kujira Bridge 
 
 
Photo 2.2: Crack of pavement at the end of approach slab of Kujira Bridge 
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(2) Koitogawa Bridge, Tateyama Expressway 
Multiple span integral bridges have also employed over recent years in 
expressway construction. For instance, Koitogawa Bridge, Tateyama 
Expressway is 120,8 m long 2 spans continuous integral bridge with rigid 
articulation at intermediate pier and both abutments (Photo 2.3, Figs. 
2.3 and 2.4).  
The superstructure is single cell box girder prestressed concrete 
structure. The foundations comprise cast-in-situ multiple rows piles 
to secure seismic resistance. Cement treated soil is employed for the 
backfill to enlighten the earth pressure on the abutment stems and to 
avoid the settlement of approach backfill. 
The design and construction was performed based on Design Guidelines 
Part II of East Nippon Expressway Corporation. 
Generally, seismic design for abutment and integral bridge is conducted 
by static method only for level 1 earthquake for the damping effect of 
backfill soil of the abutments. However, seismic design by ductility 
design method was conducted for level 2 earthquakes in this case, since 
cement treated soil was employed for the backfill of the abutments in 
this bridge construction. 
 
 














(3) Recent Development of Composite Slab Integral Bridge with H Shaped 
Steel Beam  
- Kuratsuki Flume Bridge, Kanazawa Port – 
Integral bridge with H shaped steel beam composite slab is recently 
developed. The benefits of the composite slab bridge are rapid 
construction period, low construction cost, maintenance friendliness 
and easy constructionability. This type of bridge is increasingly 
employed for short span bridges. 
Kuratsuki Flume Bridge, Kanazawa Port is an example of integral bridge 
construction using composite slab with H shaped steel beam (Photo 2.4). 
The bridge located in Kanazawa City was completed in Dec. 2006. The 
overall bridge length and span length are 9,2 m and 7,7 m with 10,0 m 
width. The foundation comprises single raw steel piles, 4 piles in each 
raw. 




Photo 2.4: Kuratsuki Flume Bridge, Kanazawa Port (Ishikawa pref.) 
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2.3 State of Art of Integral Bridges in the U.K. 
Integral bridges have become increasingly popular in the U.K. over recent 
years. Problems and costs associated with failed expansion joints in 
conventional bridges do not only make integral bridges a cost-effective 
option but also mean they have longer life spans than their counterparts.  
Expansion joints are supposed to prone to leak and to allow ingress of 
de-icing salts into the bridge deck and substructure, thereby resulting 
in severe durability problems. 
The Highways Agency of the U.K. requires to consider the feasibility 
of integral bridge as the first choice of the selection of the structural 
system of the bridge that does not exceed 60 m overall bridge length 
and 30 ﾟ of skew angle. 
The Highways Agency of the U.K. established DB57 Design for Durability 
in 1995 and DB42 The Design Manual for Road and Bridges (hereinafter 
called “The Design Manual”) to respond the direction in DB57 [2-7]. The 
Design Manual specifies as follows. 
 
- Bridge Length: All new bridges of less than 60 m length should 
be of integral bridge wherever possible. 
- Skew: not exceed 30 ﾟ 
- Thermally induced movement: not exceed ±20 mm  
- Full height frame abutments of overall length: not exceed 15 m 
 
The survey of recent practice revealed that designers are designing fully 
integral bridges with skews up to or slightly above this value, but 
semi-integral bridges are rarely designed with skew above ca. 20°. 
The steelwork for the majority of highway bridges in the U.K. is 
fabricated by one particular fabricator. This fabricator agreed to 
provide SCI (Steel Construction Institute) with data about the sizes 
and types of bridge fabricated between 2000 and 2005, identifying in 
each case whether the bridge was integral or not. The data was analysed 
and an overall summary is presented in Figs. 2.7 and 2.8. The data shows 
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Fig. 2.8: Summary of bridge types by date in share 
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2.4 State of Art of Integral Bridges in U.S.A. 
Integral bridge construction is most energetic and prosperous in U.S.A. 
for the struggle and endeavour in many projects to develop and improve 
the integral bridge construction and maintenance. The accomplishments 
in U.S.A. for integral bridges are widely referred to foreign countries. 
The situations of integral bridges in U.S.A. are not simply discussed 
for their administrative reason, since the policies of the 
infrastructure plan, design, construction and maintenance are 
fundamentally based on each DOT’s (Department of Transportation) 
decisions. In general, integral bridges are widely applied to highway 
bridge construction with positive evaluation. 
The survey summary of Integral Abutment and Jointless Bridge in 2004 
by FHWA (IAJB 2004 Survey) reported the follows [2-8].  
The purpose of the survey was to obtain a snapshot of current practices, 
policies and design criteria being employed nationally. 
The survey included questions regarding the number of integral abutments 
designed, built and in service, the criteria used for design and 
construction, including span lengths, total bridge length, skew and 
curvature limitations imposed as well as any reported problems 
experienced with jointless bridge construction. 
According to the 39 agencies who responded to the survey, there are 
approximately 13.000 jointless bridges on public highways; 9.000 
equipped with fully integral abutments and 4.000 with semi-integral 
abutments (integral superstructure/backwall connections that move 
according to the thermal demands, but independent of the vertical load 
support system) (q.v. Table 2.2).  
The aggregate number of jointless bridges is twice the number reported 
in a similar survey for a previous Integral Abutment Jointless Bridge 
Conference held in 1995. 
Analysis of the survey found that there was a lack of uniformity in usage 
and ranges of applicability. For instance, 59 percent of responding 
agencies had over 50 jointless bridges in service, 31 percent had from 
101 to 500 in service, 3 percent had from 501 to 1.000 and 15 percent 
had over 1.000 such bridges in service. 
Permissible lengths for jointless prestressed concrete girder bridges 
ranged from 45,7 m to 358,2 m, allowable skews from 15 ﾟ  to 70 ﾟ and 
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curvatures from 0 ﾟ to no limit. 
State Route 50 over Happy Hollow Creek in Tennessee is an example of 
the upper limits of an integral abutment jointless bridge that can be 
achieved. The structure is 358,1 m in length on a 4 ﾟ 45’ curve. Steel 
deck girder bridge lengths range from 36,6 m to 167,7 m. 
Seventy-seven per cent of the responding agencies indicated that they 
would design integral and semi-integral abutments whenever possible.  
Fig. 2.9 shows the 39 states responded to the IAJB 2004 survey. The 
approximate numbers of IAJB designed and built since 1995 and in service 




Fig. 2.9: States responded to the IAJB 2004 survey (figure: FHWA) 
 







Full integral 7 000 8 900 13 000 
Semi-integral 5 700 6 400 9 000 
Deck extension 1 600 1 600 4 000 
Integral piers 1 100 1 100 3 900 
 
The maximum span and total bridge lengths are shown in Table 2.3 for steel 
and prestressed concrete bridges. 
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Table 2.3: Range of design criteria used for selection of integral abutments 
Full Integral 19,8 - 91,4 18,3 - 61,0
Semi Integral 19,8 - 61,0 27,4 - 61,0
Deck Extension 24,4 - 61,0 27,4 - 61,0
Integral Piers 30,5 - 91,4 36,6 - 61,0
Full Integral 45,7 - 198,1 45,7 - 358,1
Semi Integral 27,4 - 152,4 27,4 - 999,7
Deck Extension 61,0 - 137,2 61,0 - 228,6
Integral Piers 45,7 - 304,8 91,4 - 121,9



















Some states specify the limit of horizontal abutment movement as shown 
in Table 2.4.  
 
Table 2.4: Limit of horizontal abutment movement 











- at pile cap 
 
FHWA (Federal Highway Agency) and NHI (National Highway Institute) 
established and published LRFD Design Example for Steel Girder 
Superstructure Bridge [2-9] and Comprehensive Design Example for 
Prestressed Concrete Girder Superstructure Bridge with Commentary 
[2-10]. They refer to the selection of the type of abutment including 
integral abutment and semi-integral abutment including worked examples. 
AISI (American Iron and Steel Institute) and NSBA (National Steel Bridge 
Alliance) also established Integral Abutment for Steel Bridges in 




The report on the integral bridges in New York State by the officials 
of the DOT describes as follows [2-12]. 
 
- Bridges Length: less than 198,1 m (6590 ft) without limitation 
on individual span length 
- Maximum Skew: maximum 45 ﾟ 
- Abutment reveal*: less than 1,5 m (5 ft) 
* Abutment reveal is the dimension from the bottom of the girder 
to the finished grade under the bridge at the abutment stem. 
- Curvature: Curved integral bridge is not permitted. 
- Maximum Bridge Grade: Maximum 5 % 
- Steel H-piles or cast-in-place concrete piles are used; however 
cast-in-place concrete piles may only be used when the total 
bridge length is less than 48,8 m (160 ft). 
- Steel H-piles are oriented with the strong axis parallel to the 
girders so that bending occurs about the weak axis of the pile 
to allow easy accommodation of the bridge movement. 
- Piles must be driven a minimum of 6,1 m (20 ft) and are placed 
in pre-augured 3,0 m (10 ft) deep holes if the bridge length 
exceeds 30,5 m (100 ft). 
- Wing walls are separated from abutment stems when their length 
exceeds 4,0 m (13 ft) to minimise the bending moment caused by 
passive earth pressures. 
- Piles are still designed to carry vertical loads equally and 





2.5 State of Art of Integral Bridges in Canada 
Integral bridges are popular in Canada; many integral bridges have been 
constructed in last three and half decades. Summaries are as follows. 
 
(1) Province of Alberta  
Ministry of transportation (MOT) of Alberta established bridge design 
criteria including integral abutment design [2-13]. It specifies the 
four types of expansion joints at the ends of approach slabs with the 
applicable span ranges for expansion joints selection. It scopes the 
bridges longer than 100 m. 
Guidelines of MOT of Alberta specifies as follows [2-14]. 
- For composite concrete girder bridges with a total length of less 
than 50 m, integral abutments should normally be used. 
- For steel girder bridges with a total length of less than 40 m, 
integral abutments should normally be used. 
- For longer bridge structures, integral abutments should be 
considered, however care must be taken to design proper details 
to accommodate cyclic thermal movements of the structure. 
- Refer to Bridge Structure Design Criteria Appendix ‘C’ Integral 
Abutments for more detailed design considerations [2-13]. 
 
(2) Province of Ontario 
The first integral bridges in province of Ontario were designed and 
constructed in 1960’s. More than 100 bridges were constructed since the 
publication of the general guidelines of planning, design and 
construction in the province in 1993. 
The ministry of transportation of Ontario reported performance of 
integral bridges from the monitoring of existing structures [2-15]. 
The observations of the report are as follows. 
 
Observations: 
The results of our observations are very encouraging. The structures 
are performing well and there is very little sign of deterioration or 
distress in any of the observed structures. 
The followings are a few of the observations worth mentioning. 
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- Expansion joints (existing structures):  
Well working expansion joints detail for bridges where the total 
length is less than 75 m for steel bridges and 100 m for concrete 
bridges is shown in Fig. 2.10. 
 
Fig. 2.10: Well working expansion joint detail 
 
- Expansion joints (Developed by Ontario MOT):  
MOT (Ministry of Transportation of Province of Ontario) 
developed a more elaborate expansion joint detail for bridges 
where the total length is more than 75 m for steel bridges and 
100 m for concrete bridges is shown in Fig. 2.11. 
 
Fig. 2.11: Developed expansion joint detail by Ontario MOT 
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- Gaps between asphalt pavement and sealing compound: 
The gap widens in winter and edges of asphalt pavement appear 
to separate from the sealing compound, however this gap closes 
again in summer and does not result in any loss of riding quality. 
It is anticipated that after a few years of repeated movements 
it may become necessary to replace the rubberised joint sealing 
compound and carry out minor repairs to the edges of asphalt 
pavement. 
 
The report concluded and showed feature directions as follows. 
 
Conclusion: 
MOT of Ontario has obtained considerable experience in the design, 
construction and performance of integral bridges in the last few years. 
They say the follows that the experience to date has been very positive 
and it is expected that more such bridges will be designed and built 
in the feature. Bridges with less than 100 m in length have performed 
well and appear to be ideally suited for this design. Data on bridges 
in Ontario, with length more than 100 m, is limited, but with the suggested 
modifications to the control joint details, these bridges show the 
potential to also perform well in the long term. 
 
Feature Directions: 
It is in tended the MOT of Ontario will continue to monitor the performance 
of these bridges and based on the results of this monitoring, it will 
revise its guidelines and policies to limit or extend their application. 
MOT intends to look into following: 
- Extend the limit on total length of the structure 
- Include post-tensioned deck type structures 
- Explore the use of pipe and wood piles 
- Use of semi-integral arrangements where integral design is not 
feasible 




2.6 State of Art of Integral Bridges in Europe 
Integral bridges are also employed with consideration of their 
conditions in European country. Elegant applications with utilisation 
of horizontal arch action to accommodate the displacement caused by 
thermal expansion and contraction, creep and shrinkage has also been 
successful in European country. 
Sunniberg Bridge is 526 m long and ca. 60m high cable stayed bridge with 
a tight curvature of 503 m radius (Photos 2.5 and 2.6) [2-16],[2-17]. Due 
to the curvature in plan, the bridge deck is monolithically connected 
to the both abutments without expansion joints to allow the 
transformation of longitudinal displacement into horizontal sway. 
The abutments essentially consist of earth-filled structures on a base 
slab. They are monolithically connected to the bridge deck and form the 
support points for the horizontal stabilisation of the structural 
system. 
The massive pilecaps are situated in plan eccentrically toward the inside 
of the curvature, because the inner pier legs carry much more vertical 
load from the curved deck (Fig. 2.12). 
 
 
Photo 2.5: Sunniberg Bridge (Klosters, Switzerland) 
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Photo 2.6: Sunniberg Bridge (Klosters, Switzerland) 
 
 
Fig. 2.12: Elevation, plan and cross section of Sunniberg Bridge 
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This kind of application is also applied to Yokomuki Bridge in Fukushima 
Pref., Japan. 
By the way, integral bridges are also employed in central and east 
European countries. As shown in Photos 2.7 and 2.8, multiple spans integral 
bridges are also constructed in the region. 
Foca Bridge across Dorina River that is one of the major tributaries 
of Danube River, as shown in Photos 2.7 and 2.8, is located in Foca city 
in Bosnia and Herzegovina. The bridge is 4 spans continuous prestressed 
concrete composite multiple I-Beam bridge with integral abutments. It 
has rubber expansion joints at the end of approach slabs. The 
articulations at the intermediate piers are formed with rubber sliding 
bearings for longitudinal direction, while the movement of transverse 
direction is fixed at each pier. 
The author visited the bridge in 2005. From visual field research, there 
no deterioration or cracks were appeared; the rubber expansion joints 
at both ends of the approach slabs were also in good condition. 
 
 




Photo 2.8: Side view of integral abutment of Foca Bridge 
 
The integral bridge concept was also adopted for the project in Italy 
to retrofit the existing simply supported bridges that was completed 
in 2006 [2-18].  
The conventional simple support articulation was changed into integral 
form of articulation.  The 13 spans of 30,0m long simple supported single 
prestressed concrete bridges were refurbished into ca. 400 m long 
integral bridge with glued connections at the piers and abutments. 
European countries have commenced INTAB Project (Economic and Durable 
Design of Composite Bridges with Integral Abutments) with the 
participation of the following partners in 2005: RWTH Aachen (Germany), 
University of Liege (Belgium), Profil ARBED (Luxenbourg), Lulea 
University of Technology (Sweden), Ramboll (Sweden) and Schmitt Stumpf 
Fruehauf und Partner, Munich (Germany).  
The main aim of the project is to allow for international comparison 
of different experiences in Europe, to promote theoretical studies, to 
carry out experimental tests and finally to draft a number of guidelines 
for the design of such kind of bridges. 
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European countries recently seem to have a general inclination for 





The conclusion of state of the art of integral bridge is summarised as 
follows. 
 
(1) Integral bridges in the U.K. and North America are quite common 
and often the first choice for the selection of structural system 
of bridge, particularly in the U.K. and some states/provinces in 
U.S.A. and Canada. 
(2) The integral bridge is commonly allied to the bridges with overall 
bridge length up to ca. 50 m – 60 m in the U.K. and North America. 
The range coincides to the Guidelines for Planning of Steel 
Integral Bridges (draft) proposed by Public Works Research Centre 
and Nippon Steel Corporation.  
(3) The research on integral bridges is keenly conducted in North 
America, the U.K. and European countries. 
(4) The development of integral bridges has been largely owed to the 
development in U.S.A.; it has been reflected in the specifications 
and design details worldwidely. 
(5) The survey of the research on integral bridges highly and 
positively evaluates the performance, cost effectiveness, 
durability and maintenancability. 
(6) Applications of integral bridges are also increasingly employed 
in Japan mainly in expressway construction. 
(7) Design codes and guidelines for integral bridge have been 
established and revised in North America and the U.K.; even in 
Europe and Japan, they are keenly establishing, too. 
(8) Semi-integral bridges are increasingly employed to the bridges 
that are impossible to employ the fully integral bridge for 
alternative solution in recent years. 
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Chapter 3 Static Characteristics of Integral Bridges 
 
3.1 Introduction 
The selection of structural system is one of the most important factors 
in bridge design, since the structural system governs the behaviour of 
the structure. Cost effectiveness of construction and maintenance, 
durability, seismic performance, vibrational serviceability are 
largely influenced by structural system. Thus, the loads act on the 
brides are appropriately modelled and calculated in design. 
In general, the primary loads that need to be considered in the structural 
design of any bridges are the following. 
- Dead loads 
- Live loads 
- Thermal effects 
- Creep effects 
- Shrinkage effects 
- Seismic load 
- Wind loads and/or other specific loads 
Whether the bridge has simply supported span, is of continuous 
construction, or is an integral bridge, the effects of these loading 
groups are very similar, though the distribution of forces and 
deformations differ. The design of bridges with these different forms 
of articulation differs mainly in the treatment of constraint forces 
caused, for instance, by such as temperature and creep effects.  
This chapter describes the effects of the temperature, shrinkage, and 
creep upon the structure, earth pressure and the interaction between 
the abutment of the integral bridge and backfill soil in turn, and in 
each case the consequences for the design of integral bridges are 
discussed with case studies. 
 
3.2 Temperature Effects 
3.2.1 Temperature loading 
Specifications for roadway bridges  [3-1] defines the temperature 
effects in two categories; changes in the effective temperature for the 
bridge, and differences in temperature through the thickness of the deck 
and other members. 
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3.2.2 Temperature Differences 
Temperature difference loading causes a pattern of internal stress to 
form within the deck. Specifications for roadway bridges (part I) 
specifies the temperature difference between reinforced and/or 
prestressed concrete deck and other members as 5 ﾟ C  for concrete bridges 
and 10 ﾟ C for steel bridges(Fig. 3.1). 
ΔＴ=10℃ ΔＴ=5℃
Steel　Bridge Concrete　Bridge  
Fig. 3.1: Temperature difference 
 
3.2.3 Effective Bridge Temperature 
Changes in effective bridge temperature cause the deck expansion and 
contraction. As this is the most important effect governing the design 
of bridge joints, and also very significant in the design of bearings, 
it is worthwhile to summarise the way it affects bridges with different 
types of articulation: 
 
(1) Simply supported bridges 
A simply supported bridge span is allowed to expand and contract 
with little restraint. It therefore needs an expansion joint at 
one end, and sliding bearings to allow movement over that support. 
Temperature loading does not brings about longitudinal forces 
except due to bearing restraint or friction, though they are 
generally give only small influence upon the structure. 
 
Fig. 3.2: Simply supported bridge 
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(2) Continuous bridges 
Continuous bridge is defined as the bridge with continuous 
deck/girder without rigid articulation between deck/girder and 
substructures here. A continuous bridge is also allowed to expand 
and contract with little restraint.  
Assuming it to be fixed at one abutment, it needs large expansion 
joints and sliding bearings at the other end, and sliding bearing 
over intermediate supports.  Since elastometric bearings allocate 
the longitudinal movement to the both ends of expansion joints, 
the expansion joints can be downsized with equal sizes. 
Temperature loading does not create large longitudinal forces; 
- Effective temperature change makes little forces. 
- Temperature difference creates sagging moment when 
continuous bridges are applied. It gives constraint tensile 
stress at the lower flange of superstructure.  
The effective temperature change gives little influence upon the 
stress of bridge; on the other hand, temperature difference would 
often give critical state in serviceability limit state. 
 
(3) Integral bridges 
In an integral bridge, expansion and contraction is partially 
restrained by the abutments, which move with the ends of the bridge. 
The size of the longitudinal force induced in the deck depends 
on the design of the abutments, and their interaction with the 
soil. No expansion joints or bearings are required. However, there 
is relative movement between the abutments and the approach load; 
accordingly a joint in the pavement is sometimes needed. 
 
Fig. 3.4: Integral bridge 
Fig. 3.3: Continuous bridge 
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3.3 Shrinkage Effects 
3.3.1 Shrinkage 
Concrete shrinks slightly as it ages; this can affect stresses and 
deformations in bridges. In composite bridges, the separate components 
will generally shrink by different amounts, including a set of internal 
stresses and curvature of the deck, and also a small overall shortening. 
The internal stresses must be allowed in the design, and calculations 
take a similar form to those for temperature difference loadings. 
The overall shortening will be most significant in an all concrete bridge 
and composite bridge for longitudinal movement. A conservative value 
for long term shrinkage strain in concrete is ca. 200×10-6, and about 
half of this occurs before the concrete has reached an age of 100 days. 
Even for an in-situ integral bridge, it is unlikely that integral 
behaviour of the abutments will start, or the pavement joint be made, 
before this age has been reached. Thus a realistic upper bound for overall 
shrinkage is usually ca. 100×10-6, or 10 mm for 100 m bridge length. 
Specifications of roadway bridges allows using 150×10-6 for monolithic 
in-situ concrete structures; this would give conservative results for 
the structural design. The incremental analysis of shrinkage based on 
the actual construction procedure would give the reasonable shrinkage 
strain with smaller margin. 
 
3.3.2 Effects of Shrinkage on Integral Bridge 
When steel and/or prestressed concrete beam is used for the construction, 
the overall shortening of a bridge is much smaller than the range of 
thermal movement, and the gradual rate of movement will be swamped by 
the cyclical thermal movements. Shrinkage is not significant in the 
design of the abutments. 
On the other hand, when reinforced or prestressed concrete bridge is 
monolithically constructed with in situ concrete, shrinkage is not 
negligible even the effects are reduced by creep. When monolithic in 
situ construction is employed, Specifications for Roadway Bridges Part 
I allows to assume the shrinkage strain as 150×10-6 to calculate the 
indeterminate force, if longitudinal reinforcement ratio is larger than 
0,5 %; nor 200×10-6 shall be used. 
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3.4 Creep Effects 
3.4.1 Creep 
Like shrinkage, creep is a non-elastic deformation of concrete occurring 
over time. In the long term, creep increases the strain to ca. three 
times the elastic strain. Creep strain is described by a creep factor, 
given by symbol φ, and the creep strain is defined as φ times the elastic 
strain. The creep factor is time dependent, and normally has long term 
value of ca. two, but can only be calculated with a considerable degree 
of uncertainty.  
Creep affects the deformations of all bridges where concrete is used, 
but its effects on the stresses depend on the type of construction. 
In a composite bridge, any stresses located in by differential shrinkage 
between girders and the deck will be relieved by creep. This can dealt 
with in design simply by applying a reduction factor to the shrinkage 
strain. 
Creep has a significant effect in prestressed concrete structures. In 
the case of post-tensioned construction and pre-tensioned beams, the 
effect is simply to reduce slightly tensioning force and the forces and 
stresses resulting from it. The reduction of the forces is generally 
ca. 10 %. This is taken into account in the design simply by including 
creep strain with other prestress losses, e.g. relaxation etc. 
 
3.4.2 Design Using Prestressed Beams 
This section relates to the design of both continuous and integral 
bridges, as creep affects these in the same way. 
The difficulty of precast prestressed concrete beam construction arises 
because the prestress is not continuous over the supports. Shortening 
of the bottom flange of the beams due to creep causes the individual 
beams to hog, and opens up cracks at the bottom of the beams over the 
supports. The beams can be restrained so that these cracks do not occur, 
but this involves designing for a substantial sagging moment at the beam 
ends. 
It is interesting to compare the bending moment diagrams when hogging 
of the beams is restrained (fully continuous construction) and when there 
is no restraint (simply supported). 
Fig. 3.5 shows on the left bending moment diagrams for a simply-supported 
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span, made up from the combination of dead and live load. On the centre 
are the equivalent diagrams for a precast beam in a continuous structure 
(integral bridge). Dead loads are carried on the beam acting as 
simply-supported, continuity under live loads leads to hogging moments 
at the ends. Creep of the concrete leads to a uniform sagging moment, 
including over the supports. On the right are the equivalent diagrams 
for a cast-in-situ post tensioned prestressed concrete bridge in a 
continuous structure (integral bridge). It acts as continuous structure 
for any loads. 
Comparing between precast beam structure and in situ structure, the 
difference is the behaviour for dead load before continualisation, i.e. 
self load of super structure. The precast beam structure is suitable 
for relatively short span structure, while in situ structure is suitable 
for larger span structure, because of the balances with other loads (c.f. 
total bending moment diagrams). 
The absolute values of bending moment and deflections of continuous 
structure are lowered than simply supported structure. 
The lower absolute values of bending moment give economical construction. 
Continuous structure (integral bridge) gives lower deflection for live 
load; it is inferred that this would leads to better bridge 
serviceability for traffic loads. The details are described and 
discussed in chapter 5. 
 
Fig. 3.5: Bending moment diagrams of single span bridges 
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3.5 Earth Pressure 
3.5.1 Summary 
The earth pressure is almost common with conventional supported bridges. 
However, some kinds of characteristic behaviour of integral bridge shall 
be considered in the design. They include the follows. 
- Influence of surcharge by live load 
- Earth pressure in earthquake 
- Rotation in plan of skewed integral bridge 
 
3.5.2 Influence of Surcharge by Live Load 
Design Guidelines Part II of NEXCO Companies specifies the earth pressure 
for single span integral bridges, so-called portal frame bridges, as 
follows. 
The earth pressure should include the influence of surcharge by live 
load. The one-side and both-side loading shall be considered to secure 
the safety for all the members. 
 
qKP hl ×=     (3.1) 
with, 
lP : Earth pressure intensity on integral abutment stems caused 
by surcharge load (N/mm2) 
 hK : Horizontal earth pressure coefficient 
 q  : Surcharge load intensity by live load  















3.5.3 Earth Pressure in Earthquake 
The earth pressure in earthquake shall be generally considered by Coulomb 
earth pressure model as one-side loading for general backfill soil. 
On the other hand, when cement treated soil is employed for backfill, 
10 % of earth pressure coefficient shall be considered to calculate the 
earth pressure in level 2 earthquake, while earth pressure is omitted 
in non-earthquake loaded state. 
 
3.5.4 Rotation in Plan for Skewed Integral Abutments 
 
 
Fig. 3.7: Rotation in plan of bridge deck caused by earth pressure 
 
Earth pressures cause bridge rotation in plan when skewed integral 
abutments are employed (Fig. 3.7). Thus the skew should be limited to 
restrict the rotation in plan, or detailed analysis and design shall 
be conducted for the interaction of earth pressure and whole structural 
system.  
Design Guidelines Part II of NEXCO Companies specifies the maximum skew 
as 15 ﾟ. 
The survey of recent practice in the U.K. reported that designers are 
designing fully integral bridges with skews up to or slightly above 30 ﾟ
but semi-integral bridges are rarely designed with skew above ca. 20 ﾟ. 
By way of parenthesis, BD57 Design for durability specifies the skew 
should not exceed 30 ﾟ. 
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3.6 Soil-Structure Interaction of Integral Abutment 
The soil-structure interaction of integral abutment under cyclic 
temperature loading is one of the most complex issues related to integral 
bridges. The settlement of backfill, stress escalation of earth pressure 
on abutment wall and wing wall are characteristic and important factors 
in design of integral bridges. 
Vigorous research on this issue was conducted by England, G. L. et al. 
as a joint research project of Imperial College and The Highways Agency 
in the U.K. [3-3]. The experimental and analytical study has proved the 
following. 
 
(1) Cyclic loading of Leighton Buzzard sand has confirmed the existence 
of strain ratcheting behaviour during cyclic stress loading, and 
the stress changes with cyclic strain loading leading to a 
shakedown state. 
(2) Parametric studies from both the numerical simulations and the 
model retaining wall tests have identified the significant roles 
played by each of the diurnal and seasonal temperature fluctuations 
of the bridge deck. 
- Long-term soil stresses on the abutment wall are little affected 
by the initial density of the backfill material or by the season 
(summer, winter, etc.) during which the structure enters service. 
However, the early performance is influenced by both parameters. 
The initial rate of stress escalation is higher for bridges 
completed in winter. 
- The significance of daily wall movements (approximately 
one-quarter to one-tenth of the seasonal movements) is to induce 
more soil densification and deformation. In comparison with values 
for seasonal movements alone, the inclusion of daily wall movements 
increased the settlement adjacent to the wall by 100 % and the 
heave away from the wall by 150 %. 
- Daily wall movements encourage the soil stresses to remain closer 
to hydrostatic values initially and later to become similar to 
those for seasonal cycles alone, after additional soil 
densification has occurred. 
(3) Settlement of abutments, for bridges up to 60 m long and with strip 
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footings, is not considered to be significant. 
(4) If run-on slabs (approach slab) are used to span the settlement 
region adjacent to the abutment, a highly compacted backfill should 
be avoided in order to reduce the heave which could cause buckling 
of the pavement slab. 
(5) In its present form the information contained in BA 42 provides 
a conservative design loading for integral bridge abutments for 
bridges up to 60 m long. However, it does not provide any 
information for the determination of soil deformation (in 
particular, heaving), or the consequent changes to the lateral 
earth pressures on the wing walls. Unsafe wing wall design could 
thus result. 
(6) Due to the existence of significant granular flow in the backfill 
material, wing walls of reinforced soil construction are not 
recommended. 
(7) The current limit of a 60 m maximum bridge length for integral 
bridge is considered reasonable and should be maintained until 
a better understanding of the consequences resulting from the 
formation of active slip planes in longer span bridges can be 
developed. 
(8) Because seasonal and daily temperature cycles each play an 
important role in defining the interaction problem both should 
be considered in calculations. 
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Photo 3.1: Kujira Bridge 
3.7 Case study on Static Behaviour of Single Span Integral Bridge  
- A Study on the Long Span Integral Bride for Longitudinal Movement, 
Constraint Stress and Prestressing Efficiency - 
3.7.1 Summary 
Since integral bridges are highly indeterminate and rigid structure, 
constraint stresses are larger than those of non-integral bridges.  The 
constraint stresses of integral bridges by temperature effects and 
indeterminate stress caused by prestressing force are different from 
those of non-integral bridges. 
Especially, indeterminate stress of prestressing force sometimes 
governs the structural design, because it inevitably influences the 
efficiency of the prestressing force, i.e. the low prestressing 
efficiency means unfeasibility of prestressed concrete structure; the 
indeterminate force is intimately dependent on the structure’s capacity 
of the deformation. In addition, the longitudinal movement of the 
abutments is important to evaluate the feasibility of the integral bridge 
as specified by some design guidelines, e.g. DB42 The Design Manual for 
Road and Bridges of the U.K [3.4].  
The structural system of the bridge, especially the stiffness of the 
foundation, greatly influences the behaviour of the structure. As a case 
study, the longitudinal movement of the abutments and prestressing 
efficiency are discussed below with parametric studies using the 
structural model of Kujira Bridge (Photo 3.1, Figs. 3.8, 3.9 and 3.10). 
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Kujira Bridge is the longest as a single span integral bridge in Japan 
with 100,5 m span length and 107,0 m bridge length; it was completed 
in 1997 [3-5, 3-6]. The bridge has in situ concrete pile foundations 
and approach slabs at the both abutments without skew. The bridge has 
been served in good condition since the commencement of the service as 
reported in chapter 2. 
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Fig. 3.10: Structural model of Kujira Bridge
Fig. 3.8: Elevation of Kujira Bridge 
Fig. 3.9: Cross section of kujira Bridge 
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3.7.2 Parameters for the Studies 
As the support condition of the structure is crucial and governs the 
structural characteristics, parametric studies on the longitudinal 
movement and prestressing efficiency are conducted. The parameters of 
the support condition are shown in Table 3.1. 
 
Table 3.1: Parameter of support condition 
 Support condition of foundations 
Pile foundation (actual value of Kujira Bridge) 
A1 
Abutment 
Kx= 4,6584×106(kN/m)  
Kz= 4,5262×106(kN/m)   
Kθ= 3,4832×108(kN･m/rad) CASE-1 
A2 
Abutment 
Kx= 2,1672×106(kN/m)   
Kz= 4,3398×106(kN/m)  
Kθ= 2,9867×108(kN･m/rad)  
CASE-2 Pile foundation  (the spring values are twice of actual value of Kujira Bridge) 
CASE-3 Pile foundation  (the spring values are half of actual value of Kujira Bridge) 
CASE-4 Spread footing (Completely fixed condition) 
CASE-5 Pile foundation with hinge between column and footing  (pile condition is same as CASE-1) 
 
3.7.3 Longitudinal Movement of the Abutments 
The results of longitudinal movement of the abutments are shown in Table 
3.2. The items of “Creep and Shrinkage” are the values of the longitudinal 
movement caused by creep and shrinkage from the commencement of the 
service through the terminal state of creep and shrinkage. The results 
are summarised and discussed as follows. 
 
1) The results of CASE-1, 2 and 3 (fully integral bridge models with 
pile foundations) says that the influence of the spring values of 
the pile foundation is not greatly sensitive for the longitudinal 
movement of the abutments.  
2) The movement of A1 abutment in CASE-5 (semi-integral bridge model) 
is considerably large for the rotation of the piers and asymmetric 
structural characteristics of the superstructure by the influence 
of the hinges to release the rotational fixity of the foundations.  
3) The movement of 44 mm of A1 abutment in CASE-5 is supposed to be 
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difficult to accommodate without expansion joints. There is 
possibility to be cracked due to temperature change and movement by 
creep and shrinkage when creep and shrinkage is proceeding.  
4) The longitudinal movement for the temperature change in CASE-5 is 
not increased than other cases compared with the creep and shrinkage. 
The increase of hogging or deflection due to the arch effects with 
the hinges prevents the increase of the longitudinal movement, for 
the bridge develops a sort of arch rise in elevation. 
5) The influence of the condition of the foundation is quite slight for 
the movement by temperature change in all the cases. 
 
 
Table 3.2: Longitudinal displacement of abutments 
Unit: mm 
 A1 A2 
Creep & Shrinkage 9,18 14,42 
Temperature (-20℃) 5,81 8,75 CASE-1 
Total 15,0 23,2 
Creep & Shrinkage 6,07 9,61 
Temperature (-20℃) 5,18 7,81 CASE-2 
Total 11,2 17,4 
Creep & Shrinkage 12,07 18,49 
Temperature (-20℃) 6,20 9,31 CASE-3 
Total 18,3 27,8 
Creep & Shrinkage 0,54 0,96 
Temperature (-20℃) 0,13 0,18 CASE-4 
Total 0,7 1,1 
Creep & Shrinkage 37,44 4,73 
Temperature (-20℃) 6,54 7,85 CASE-5 
Total 44,0 12,6 
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3.7.4 Prestressing Efficiency 
The prestressing efficiency, with the symbol ζ  is defined as the ratio 
of residual prestressing force vs. the applied prestressing force 
considering indeterminate force for prestressing force.  





σσζ +=      (3.2) 
with 
1σ ：prestressing stress applied to the section 
2σ ：indeterminate prestressing stress of the section 
    


















































Table 3.3: Results of prestressing efficiency (ζ) 
prestressing efficiency (ζ) 
at the tensile edge 
 
Sect-3 Sect-14 Sect-25 
CASE-1 93,2% 66,5% 92,8% 
CASE-2 84,7% 58,7% 84,1% 
CASE-3 98,3% 71,2% 98,0% 
CASE-4 15,2% 3,7% 13,3% 
CASE-5 103,6% 72,7% 104,0% 
 
The results are shown in Fig. 3.11 and Table 3.3. The prestressing efficiency 
ζ  is calculated at the tensile edge of each section in Table 3.3. The 
figures in Fig. 3.11 are the values of bending moment at the sections 
of No.3, 14 and 25 (q.v. Fig. 3.10). 
The results are summarised and discussed as follows. 
 
1) The results of CASE-1,2, and 3 (fully integral bridge models) show 
that the variance of prestressing efficiency ζ  is around 5 % to 9 % , 
even the spring value of the foundation is twice or half of the actually 
designed value (CASE-1). 
This means that some variance and/or difference of the assumed design 
parameters of foundations from actual values, would not give large 
influence for the prestressing efficiency. 
2) The results of CASE-4 (spread footing foundation model) mean the 
high-fixity foundation is not feasible for prestressed concrete 
structures for their large indeterminate force. For reference, DOT 
of state of Maine, U.S.A recommends the range of integral bridge length 
with spread footings; 24,4 m (80 ft) for steel structure, 41,2 m (135 
ft) for concrete structure. 
3) The results of CASE-5 (semi-integral bridge model) mean the 
performance of flexibility by the hinges. This kind of structural 
system can be applicable for rigid foundations. But, the foundation 
of integral bridge should be basically flexible for the excellent 
durability and structural redundancy of the higher indeterminate 
system by the application of hingeless and monolithic structural 
system. 
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3.8 Case Study on Static Behaviour of Multiple Spanned Integral Bridge 
with Curvature in Plan 
3.8.1 Summary 
The integral bridge with curvature in plan has unique characteristics. 
If appropriately designed, the curved integral bridge has eminent 
merits; the deck moves alike an arch in plan against temperature change. 
Prosperous examples of the curved integral bridges are for instance 
Yokomuki Bridge (Photo 3.2) and Sunniberg Bridge (Photos 2.5 and 2.6). 
 
 
Photo 3.2: Yokomuki Bridge (Fukushima pref.) 
(By favour of Takashi OOURA) 
 
The constraint stresses due to temperature change, etc. are released 
by the escaping horizontal movement in plan (Fig. 3.12), though transverse 
bending moment would be generated in the deck/girder. The “arch effect” 
makes the constraint stresses of the deck lower and enables longer 
integral bridge construction than straight ones.  
In addition, the integral bridge solution can also increase seismic 
resistance for following reasons. 
 56
- High redundancy for its high indeterminate structural system 
- Cancelling out of earth pressure and seismic inertial force by 
the retaining action of the pair of integral abutments 
- Damping effect by the abutment backfill 
 
The solution also avoids the collapse and fall down of the superstructure 
for its monolithic form of structure, even extreme and unexpected scale 
seismic force acts on the bridge for monolithic form of structural 
system. 
On the other hand, integral bridges are influenced by constraint stresses 
due to temperature change, shrinkage, settlement, etc. because of their 
rigid and highly indeterminate structural characteristics.   
The temperature change gives largest influence upon the constraint 
stress in the deck, because time dependent influences such as shrinkage 
and settlement are mitigated by creep. 
Thus, the influence of the temperature change should be clarified for 
the application of integral bridge system with curvature in plan. 
The influence of temperature change for the conventional supported 
bridges, integral bridges and semi-integral bridges are discussed with 
parametric studies and discussed below [3-7, 3-8, 3-9]. 
 
3.8.2 Parameters of Analysis for the Temperature Induced Constraint 
Stress 
The constraint stresses depend on the deformation capability of the 
structure. They reach their maximum when deformations are eliminated. 
A bridge system's capacity to lower constrai nt stresses is mainly 
determined by its support and geometric conditions.  




The temperature induced constraint stress in the deck is influenced by 
some conditions - curvature in plan, distance between abutments, 
structural system (support condition), deck stiffness, stiffness of 
bearings, etc. Among these factors, the curvature in plan, distance of 
abutments and support condition are dominant to govern the structural 
behaviour, i.e. the deformation and constraint stress in the deck. 
The distance of the abutments, the curvature in plan with singular radius 
(i.e. it also means the proportion of arch in plan – H/La) and structural 
systems - integral model, semi-integral model and conventional model 
- are taken as the parameters to calculate the temperature change induced 
deformation and stress of the deck (Table 3.4).  
As the structural models for the parametric study, 6 span and 8 span 
continuous box girder concrete bridges are considered for La=300 m models 
and La=400 m models respectively (Figs. 3.13 and 3.14). The side span length 
are arranged to be 65 % of that of main spans. The both ends of the integral 
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Fig. 3.14: Cross section 
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Table 3.4: Parameters of analysis 
La R H/La Support condition

















The bearing stiffness is defined as follows.
La: distance between both abutments
R: radius of curvature in plan
H: rise of arch in plan
Kh: horizontal stiffness of a pair of bearings on each support
Kv: vertical stiffness of a pair of bearings on each support
KEl: longitudinal stiffness of bearing at the abutment in semi integral model
KEt: transverse stiffness of bearing at the abutment in semi integral model
KEv: vertical stiffness of bearing at the abutment in semi integral model


























3.8.3 Displacement Due to Temperature Change 
The sway at the crown δ (q.v. Fig. 3.12), which is the displacement in 
plan at the mid-structure for 15 ﾟ C temperature change of each case is 
shown in Figs. 3.15 and 3.16. The results are summarised and discussed 
below. 
1) The sway of integral model is larger than semi-integral model and 
conventional model for the higher axis force, especially for low 
rise arch in plan (q.v. “H” in Fig. 3.12). 
2) The sway of semi-integral model is almost constant for each model. 
3) The sway of the conventional model is slightly influenced by the 
structural rise, but the sway is quite small due to the release 
of constraint stress. 
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3.8.4 Constraint Stress for Temperature Change 
The diagrams of 15 ﾟ C temperature change induced constraint transverse 
bending moment for integral, semi-integral and conventional models are 
shown in Figs. 3.17, 3.18, 3.19 and 3.20.  
Fig. 3.15: Sway at the crown (La=300m) 
Fig. 3.16: Sway at the crown (La=400m) 
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Fig. 3.17: Transverse bending moment (La=300m, R=400m, H/La=1/10,3) 
Fig. 3.18: Transverse bending moment (La=300m, R=150m, H/La=1/2,0) 
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Fig. 3.20: Transverse bending moment (La=400m, R=200m, H/La=1/2.0) 
Fig. 3.19: Transverse bending moment (La=400m, R=600m, H/La=1/10,3) 
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The diagrams of maximum transverse tensile stress of the deck caused 
by 15 ﾟ C temperature change constraint stress with relationship to H/La 
and La are shown in Figs. 3.21, 3.22, 3.23 and 3.24. 
The stress of conventional model is ommitted in these diagrams, since 
it is obvious to be quite little. The results are summarised and 
disscussed as follows. 
 
1) The curvature in plan gives around 3,2 times and 2,5 times difference 
of the transverse bending moment at the abutments for La=300 m model 
and La=400 m model respectively.  
2) The curvature in plan gives around 2,4 times and 1,85 times difference 
of the maximum values of transverse bending moment in the inner spans 
for La=300 m model and La=400 m model respectively. 
3) The high rise integral models (H/La=2,0) lower the transverse bending 
moment throughout the structures. 
4) The transverse tensile stress of deck at the abutment of integral 
model decreases to half of the value of straight integral model when 
H/La is around 1/2,5 for La=300 m model and 1/5 for La=400 m model. 
5) The maximum transverse tensile stress of deck in the inner spans is 
around half of the value at the abutment. 
6) Semi-integral model gives quite little constraint stress throughout 
the structure almost regardless of H/La.  
7) The longer distance between abutments (La) gives lower constraint 
stress at the abutment because of its lower flexural stiffness as 
the superstructure is considered as arch ring of the arch in plan 









Fig. 3.21: Transverse tensile stress of deck at the abutment (La=300m) 
Fig. 3.22: Maximum transverse tensile stress of deck in the inner spans (La=300m)































































Fig. 3.23: Transverse tensile stress of deck at the abutment (La=400m) 
Fig. 3.24: Maximum transverse tensile stress of deck in the inner spans (La=400m) 



























































3.8.5 Constraint Stress for Temperature Change of Cracked Section 
The temperature change induced constraint stress is greatly influenced 
by the structure’s stiffness and flexibility. The analysis of the 
constraint stress is usually conducted with full sectional properties. 
However, the constraint stress is supposed to be overestimated when 
calculated with full section properties, because full section property 
gives larger stiffness for the structural analysis than actual value 
with cracked section. Thus, the analysis with cracked section properties 
is conducted and shown as bellow. 
The cracked section properties are assumed to disregard the area of 
concrete where the tensile stress is greater than the cracking stress 
(fcrack) with considering size effect according to JSCE specifications 
[3-10]. 
fcrack   =  k × 0,23f ’ck2/3                (3.3) 
with 
k：coefficient to consider size effect, material, etc. 
f ’ck：specified compressive strength of concrete 
Supposing the constraint stress only develops cracking in the side spans; 
in this case, 22545 kN of prestressing force was assumed for the side 
spans. 
The results of the analysis of transverse bending moment of integral 
models for full section and cracked section when La=400 m, R=600 m, 






Fig. 3.25: Effective section of cracked section 
fcrack 
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The cracking of the deck eases the transverse bending moment by 37,3 % 
at the abutment and 11,5 % for the maximum of the inner spans. This also 
suggests that partially prestressed concrete structure is suitable for 
integral bridge system for its lower constraint stress than fully 
prestressed concrete structure. 
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(1) Full section 58 282 14 279 
(2) Cracked section 36 569  12 642 
(2) / (1) 62,7 % 88,5 % 
Fig. 3.26: Transverse bending moment of integral models (La=400m, R=600m, La=1/11,7)




The study on the static behaviour of integral bridge is concluded as 
follows. 
 
(1) Hinge connection for column (pier) - foundation is highly 
applicable for the bridge with rigid foundation. 
(2) The prestressing efficiency ζ  is greatly influenced by the types 
of foundations, but not largely sensitive for the variance of the 
spring value of pile foundation. This means the feasibility of 
post-tensioned prestressed concrete integral bridge with pile 
foundation. 
(3) The extremely low prestressing efficiency of the model with spread 
footing means unfeasibility of post-tensioned prestressed 
concrete integral bridge. Thus, pile foundation should be applied 
to post-tensioned prestressed concrete integral bridge. 
(4) The curvature in plan of integral model lowers the constraint 
stress for its arch effects in plan to release the influences of 
temperature change, shrinkage, etc. by the sway deformation. 
(5) The lower H/La gives lower constraint stress for its higher arch 
effects. 
(6) The longer distance between abutments (La) gives lower constraint 
stress for its lower flexural stiffness of the arch in plan. This 
would suggest the good feasibility for long multi span curved 
integral bridge. 
(7) The cracking of the section releases constraint stress compared 
with uncracked section (i.e. full section) for its higher 
flexibility. 
(8) Partially prestressed concrete structure has better suitability 
than fully prestressed concrete structure, because it can lower 
the constraint stress by cracks with less prestressing, while full 
prestressing structure leads to higher constraint stress and 
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Chapter 4 Seismic Design of Integral Bridges 
 
4.1 Introduction 
Structural system of bridge is often determined by the requirement for 
seismic design in high seismic zone, since structural system is dominant 
factor for seismic characteristics of the structure.  
Among alternatives, integral bridge solution does not only give eminent 
benefits for breaking loads resistance, but also for seismic performance. 
The benefits of integral bridges for seismic performance compared with 
conventional simply supported bridges are as following. 
- Higher redundancy for high indeterminate structural system 
- Higher damping effect by both abutment backfill 
- Smaller displacement 
- Avoidance of fall-down of superstructure for its monolithic form 
of structural system without failsafe devices (fall-down 
prevention devices) 
By the way, force based design method has been widely used for bridge 
design for decades in Japan. Force based design is simple and easy to 
calculate the loads and responses for designers, however the limit state 
is not easy to imagine, understand and evaluate the serviceability of 




Flow of Displacement Based Design
Assumption of Loads
Calculation of Response
Review of Seismic Performence
Determination of Structural Detail
END




Review of Seismic Performence
Determination of Structural Detail
END
Dimensioning & Rebar Layout
Assumption of Displacement
Flow of Force Based Design
 
Fig. 4.1: Flows of force based design and displacement based design 
(Drift, Residual Displacement OK?) (Assumed Displacement≈ Calculated Displacement ?) 
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As an alternative solution for seismic design, displacement based design, 
that is employed by Caltrans (California Department of Transformation), 
is unique and reasonable design method. The procedure of displacement 
design is as following. 
AT first, the limit displacement is specified. Second, trials of 
dimensioning and reinforcement layout are made to obtain enough 
deformation capacity for the specific earthquakes (Fig. 4.1). Finally, 
structural details are determined in accordance with appropriate 
specifications. 
Displacement based design is rational design method, because it gives 
the results by displacements that is clear and easy to understand the 
limit state. In addition, it enables to make the deformation capacity 
in earthquake close to the assumed deformation capacity; it also leads 
to economical design. 
By the way, not a few cases were appeared that happened gaps between 
abutments and approach parts among past damaged cases caused by 
earthquakes (Photo 4.1). When happened with jammed traffic, the gaps would 
possibly outbreak serious secondary diseases. 
 
 
Photo 4.1: Gap at the abutment caused by Noto Peninsula Earthquake, 2007 
(By favour of Hiroshi MASUYA) 
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The employment of integral bridges and cement treated soil for backfill 
would be predominant candidate for the countermeasure to mitigate the 
gaps in earthquake. Cement treated soil has good stability even in case 
of large scale earthquake, however damping effect is not clearly 
quantified and evaluated, while normal soil. 
Thus, backfill is empirically evaluated to have high damping effect for 
earthquake. Thus, conventional static design can not be applied for the 
abutments with cement treated soil; ductility design is essential for 
designing the abutments with cement treated soil. 
Besides, the setting of limit displacement after earthquake is also 
effective policy to secure the serviceability for highway drivers. 
Displacement based design is supposed to be suitable for such cases, 
i.e. in case of setting the limit displacement at the initial step of 
the design, because it explicitly gives the results of the design by 
displacement. 
So as to apply the displacement based design in Japan, however code 
calibration is essential to prevent large differences between the 
results of different design methods. Especially, the evaluation of 
ductility is crucial for the seismic design.  
Thus, calculation of confining reinforcement is the focus of the 
assignment on displacement based design and its code calibration. 
The outline of the displacement based design is described with the 
response displacement convert diagrams from response acceleration 
spectrum diagrams of Specifications for Roadway Bridges Part V (Seismic 
Design) for each type of earthquake and soil class. 
A case study on the confining reinforcement is discussed for with single 
span integral bridge model comparison between Specifications for Roadway 




4.2 Displacement Based Design Concept 
4.2.1 Procedure of Displacement Based Design 
The procedure of displacement based design with equivalent linear method 
proposed by M.J.N.Priestley et al. is shown in Table 4.1 [4.3]. 
There are two alternative ways to set the limit displacement; one is 
to set the limit as the design displacement Δd at the position of inertial 
centroid, the other is to set the plastic driftθp at the plastic hinges. 
Here, the latter is employed in the case study described in following 
clauses to specify the damage limit state at the plastic hinges for 
convenience asθp＝0,03. 
 
Table 4.1: Procedure of displacement based design 
 Contents Description 
1 
Assumption of initial value of 
yield displacement Δy 
Empirically “Δy＝0,05H” is assumed 
（ H ： Distance between lower hinge of 
substructure and  centroid of inertial 
force of superstructure） 
2 Setting of plastic drift θp Generally set as θp＝0,03 
3 
Calculate the design displacement 
Δd when the drift of plastic hinge 
achieves to the limit state 
Calculate the yield displacement by pushover 
analysis. 
Calculate the design displacementΔd that is 
the displacement when the drift of plastic 
hinge achieves the limit state.  
Δd＝Δy＋θp･H            (4.1) 
4 
Estimation of equivalent damping 
ratio ξ  
Estimate appropriate relation of Responded 
plastic ratio - Damping Ratio. 
(Degrading Takeda Model is employed in this 
study.) 
5 
Calculate equivalent natural 
period Td correspondent with the 
design displacementΔd 
Detailed below  
(q.v. equations (4.4),(4.5)) 
6 
Calculation of design horizontal 
force 
Detailed below 
(q.v. equations (4.6),(4.7), Fig. 4.9) 
7 
Calculation of elastic stiffness 
and yield displacement 
Calculate the yield displacement by elastic 
theory with elastic stiffness 
8 Judgement of convergence 
Trial until convergence of the results. 
Calculate ultimate displacement, responded 
plastic ratio, equivalent damping ratio with 
trials of dimensioning and rebar layout.  
9 
Calculation of confining rebar, 
structural details 





































+=      (4.2) 
where, 
γ : secondary stiffness ratio in bi-linear model 
(generally, r =0,05 for reinforced concrete members) 
μ : responded plastic ratio(=Δd／Δy) 
 
Displacement response spectrums are converted from the acceleration 
response spectrums which are shown in Specifications for Roadway 
Bridges Part V (Seismic Design).  





S =         (4.3) 
where, 
    Sd: displacement response spectrum 
    Sa: acceleration response spectrum 
    ω：natural circular frequency（Hz） 
 
The displacement-acceleration response spectrum diagrams of 







































Fig. 4.3: Displacement-acceleration response spectrum diagram 






































Fig. 4.4: Displacement-acceleration response spectrum diagram 

































Fig. 4.5: Displacement-acceleration response spectrum diagram 








































Fig. 4.6: Displacement-acceleration response spectrum diagram 





































Fig. 4.7: Displacement-acceleration response spectrum diagram 






































Fig. 4.8: Displacement-acceleration response spectrum diagram 
(Type II earthquake, Soil class III) 
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The equivalent natural period at maximum response (Td) and its equivalent 
stiffness (Ke) are described by following equations.  
e
d K






24π=         (4.5) 
where, M is equivalent mass. 
 
The required resistance at maximum response (Fu) is calculated by 
following equation. 
deu KF Δ=         (4.6) 
The design required resistance (Fn) in equivalent bi-linear response 




FF            (4.7) 
Calculate the yield displacement (Δy) and design displacement (Δd)with 
elastic stiffness (Ｋi) that is calculated by elastic theory with the 
dimensions and reinforcement layout assumed in the preliminary design 
(Fig. 4.9).  
 





The calculation of displacement, optimisation of dimension and 
reinforcement layout would be conducted repeating the trials of total 
displacement, responded plastic ratio and equivalent damping ratio 
through the process of 5-8 in Table 4.1 to obtain the converged results. 
The criterion of the convergence of the calculation is assumed as ±5 % 
in this case study. 
The damage limit state is defined as the state when overtook, it becomes 
impossible to retrofit for economical and technical aspects [4.3]; the 
plastic drift of plastic hinge is proposed to be 3,0 % (θp=0,03) as of 
the appropriate damage limit state. The plastic drift, 3,0 % , is also 
employed as the damage limit state in this study. 
There are two methods to calculate the required confinement. One is to 
calculate it in accordance with Specifications for Roadway Bridges to 
obtain enough deformation performance to implement to deform to Δd, the 
other is to calculate it by the design equations between ultimate strain 
of confined concrete ( cuε ) and confinement ratio ( sρ ) in accordance with 







     (4.8) 
where， 
ε cu: ultimate strain of confined concrete 
ccf ′ : maximum stress of confined concrete 
syf : yield stress of confining rebar 
ε su: confining rebar strain at the tensile strength 
 
Caltrans Seismic Criteria specifies the confining rebar strain at the 
tensile strength as 12 % that is larger than the requirement of ASTM 
A 615M for the reflection of actual property of generally available 
products. 
In general, Grade 60 of ASTM A 615M [4.5]（60 ksi = 420 N/mm2）rebar is 
widely used in U.S.A., while SD345 of JIS G 3112 [4.6] rebar is widely 
used in Japan. 
JIS G 3112 specifies yield strength, tensile strength and elongation; 
however it does not specify the strain at tensile strength. 
Thus, tests are conducted to research the strain at tensile strength 
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using rebar of SD345 (D25) as the preliminary research. The results are 
shown in Table 4.2 with the specified values of ASTM and JIS. 
 
Table 4.2: Specifications of rebar and test results 
Yield strength Tensile strength Elongation
N/mm2 N/mm2 %
ASTM A 615M Grade60 420 620 9
JIS G 3112 SD345 345 490 20
JIS G 3112※
（Test Results （D25））
SD345 406,5 605,8 51,8
※The strain at Tensile Strength was 27,4%.
Standard Grade
 
The result of tensile strain at tensile strength was 27,4 % that was 
1,37 times of the requirement of rebar elongation of JIS G 3112. As the 
test results are always larger than the requirement of the specifications, 
the characteristic values should be determined by actual values of 
generally available material. However the actual value of the tensile 
strain at tensile strength of SD345 was not clarified for scant data 
in this study.  
The characteristic values of the strain at tensile strength （ suε ）when 
calculated in accordance with Caltrans Seismic Criteria with SD345 rebar 
is employed for the confinement were assumed as 12 % and 20 %. The former 
is Caltrans’ requirement; the latter is the required elongation of JIS 
G 3112 in the following case study to obtain conservative results. 
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4.3 Case Study on Single Span Integral Bridge  
4.3.1 Structural Model 
The model in this study is partially prestressed concrete single span 
rigid frame bridge which has 35,0 m span and cement treated soil for 
abutment backfill as shown in Figs. 4.10 and 4.11.  
Conventional static design method is usually applied to the abutment 
design only for level 1 earthquake for the damping effects of the backfill 
soil, however ductility design for level 2 earthquake is necessary when 
cement treated soil is employed without considering damping effects of 






































































Fig. 4.11: Cross section of model bridge 
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The structural model is shown in Fig. 4.11. Each member is modelled as 
shown in Table 4.3. 
 
Table 4.3: Element modelling 
Member classification Element classification 
Superstructure All members Linear frame elements 
Plastic hinges 
Non-linear rotation spring elements 
(Bi-linear model） Substructure 
Members except plastic hinges Linear frame elements 
Foundation Pile foundations Linear rotation spring elements 
 
The plastic hinges were modelled by non-linear rotational spring 
elements in accordance with Specifications for Roadway Bridges as 
complete elasto-plastic model (bi-linear model). The yield displacement 
was defined as the displacement at the centroid of inertial force of 
superstructure when the first plastic hinge came to initial yield state. 
Foundations were modelled by linear spring elements, since foundations 
were designed within pre-yield state in general roadway bridge design. 

























Plastic Hinge Plastic Hinge
Unit：mm
 
Fig. 4.12: Skelton of structural model 
 
Table 4.4: Element modelling 
Material classification Grade Remarks 
Superstructure concrete 40N/mm2  
Substructure concrete 30N/mm2  
Reinforcement SD345  
Prestressing steel SWPR19L 1S28.6  
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4.3.2 Results 
Eigen value analysis was conducted; the vibration mode diagram of first 
longitudinal mode is shown in Fig. 4.13. 
The natural period of first longitudinal mode and effective mass ratio 
are 0,54 sec and 92,0 % respectively. These results suggest the 




Fig. 4.13: Vibration mode diagram of first longitudinal mode 
 
The staple values of the results are shown in Table 4.5. The modified 
yield displacement (Δy) and modified ultimate displacement (Δu) in 
Table 4.5 mean the results by trial calculations for dimensioning and 
rebar layout from initial assumptions. 
The results of the displacement based design with equivalent linear 
method for partially prestressed concrete single span rigid frame bridge 
in this case study are summarised as following. 
(1) The confining rebar strain at tensile strength largely influences 
upon the plastic hinge length and required confining reinforcement 
ratio. Thus, appropriate strain should be specified. 
(2) Caltrans Seismic Criteria estimates larger value of the maximum 
compressive strength of confined concrete (f'cc) than Specifications 
for Roadway Bridges Part V (Seismic Design). 
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(3) The calculated amount of required confining reinforcement in 
accordance with Caltrans Seismic Criteria is relatively small as 
to be determined by minimum reinforcement ratio. 
For reference, force based design in accordance with AASHTO LRFD Design 
Specifications contains resistance reduction factor in the process of 
performance review, while displacement based design in accordance with 
Caltrans Seismic Criteria does not contain deformation reduction factor.  
Thus, the comparisons with Specifications for Roadway Bridges Part V 
are not necessarily the same [4.7].  
 
Table 4.5: Results of displacement based design 
Unit Case 1 Case 2 Case3 Case 4








Specification of Confinement - ASTM GR60 JIS SD345 JIS SD345 JIS SD345
Strain of Confinment at Maximun Stress εsu - 0,12 0,12 0,20 －
Plastic Drift of Plastic Hinge θp rad 0,030 0,030 0,030 0,030
Distance between Lower Plastic Hinge and Inertial Centroid　H m 7,551 7,551 7,551 7,599
Plastic Hinge Length m 0,847 0,847 0,847 0,750
Horizontal Ultimate Displacement　Δu m 0,246 0,246 0,246 0,247
Initial Value of Yield Displacement　Δy m 0,019 0,019 0,019 0,019
Responded Plastic Ratio　μ - 12,922 12,922 12,922 12,998
Equivalent Damping Ratio　ξ - 0,227 0,227 0,227 0,227
Equivalent Natural Period　T e sec 1,320 1,320 1,320 1,320
Equivalent Mass　M t 1179,2 1179,2 1179,2 1179,2
Equivalent Stiffness　K e kN/m 26718 26718 26718 26718
Elastic Stiffness　Ki kN/m 212436 212436 212436 207404
Ultimete Horizontal Force　F u kN 6560 6560 6560 6599
Design Horizontal Force　F d kN 4110 4110 4110 4124
Dimension of Cross Section - 1,5×10,0m 1,5×10,0m 1,5×10,0m 1,5×10,0m







Modified Yield Displacement　Δy m 0,019 0,019 0,019 0,020
Modified Ultimate Displacement　Δu m 0,250 0,250 0,250 0,258
（Midified Δu／Initial Δu） - 1,018 1,018 1,018 1,047
Judgement　（Criterion：±5%） OK ! OK ! OK ! OK !
Confined Compressive Concrete Strength 　f' cc N/mm2 45,90 44,73 44,73 42,90
Ultimate Strain of Confined Concrete　ε'cu - 0,0064 0,0064 0,0064 0,0069
Calculated Required Confinement Volum Ratio ρs1 - 0,00141 0,00167 0,00100 0,01351
Minimum Confinment Ratio　ρs2 - 0,00687 0,00687 0,00687 0,00169
Required Confinement Ratio　ρs - 0,00687 0,00687 0,00687 0,01351
Area of Required Confinement Aw cm2 2,577 2,577 2,577 5,067
Confinement Layout - D19ctc150 D19ctc150 D19ctc150 D25ctc150  
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4.4 Conclusion 
The conclusion and further assignments are as following. 
(1) The influence of the strain at tensile strength of confining rebar 
largely influences upon the confining reinforcement ratio when 
calculated by equation (4.8).  
(2) The design equation is highly expected to enables the reflection 
of tensile strength and strain of confinement upon the 
stress-strain curve of confined concrete and required confinement 
ratio in order to cover the use of various materials such as high 
strength rebars.  
(3) As not a little difference appeared in the results between design 
codes, the design specifications should also reflect the local 
conditions such as material properties, earthquake 
characteristics, performance requirements, design philosophies 
etc.  
(4) The establishment of design equation based on Specifications for 
Roadway Bridges is highly expected to reflect past achievement 
of research and Japanese local conditions such as the earthquake 
classifications (Type I and II), locally available and popular 
material properties including over strength etc.  
(5) Besides above described matters, the establishment of the 
specifications on the serviceability limit displacement of 
superstructure damaged by large scale earthquake is also crucial 
issue for the better bridge performance.  
 
Displacement is more important index than force or resistance to evaluate 
damage intensity and serviceability after earthquake. In this sense, 
displacement based design is useful design solution, especially when 
integral bridge such as portal rigid frame bridges are applied. In 
addition, when necessary to restrict the gap between abutment and 
approach, displacement based design is reasonable and suitable design 
method for its clear and explicit evaluation. 
Besides resolutions of above assignments, code calibration of partial 
safety factors is essential for the establishment of rational limit state 
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Chapter 5 Vibrational Serviceability of Integral Bridges  
 
5.1 Introduction 
The vibration under traffic load is often the major focus of bridge 
serviceability and environmental problems, especially when a flexible 
structure is constructed in urban areas where the ground is soft [5-1], 
because the traffic load sometimes brings about undesirable vibration 
phenomena, e.g. uncomfortable vibration for pedestrians, infrasound and 
ground vibration. These vibration phenomena are caused mainly by low 
frequency vibration, which in turn is caused by the interaction between 
vehicles and structures.  
By the way, the characteristics of bridge vibration is dependent upon 
the bridge system, stiffness of the bridge and foundation, live load, 
roughness of the road surface, etc.; among many factors for bridge 
vibration, appropriate selection of structural system for the bridge 
is essential to control the bridge vibration caused by live load. 
This chapter presents the studies on four bridge systems as shown in 
Fig. 5.1.  
The first, the most popular structural system, is the conventional simple 
girder bridge that sometimes has problems related to traffic vibration 
as described above. The extended deck solution is sometimes employed 
in Japan to control the infrasound and ground vibration [5-2, 5-3].  
On the other hand, integral bridges are recently being more often applied 
to single span bridges to ease the vibrational problems because of the 
cost and maintenance aspects, while semi-integral bridges can be applied 
to short abutments to eliminate expansion joints at the ends of the 
girders.  
The definitions of the structures are as follows (Fig. 5.1).  
Conventional bridge is the most simple and popular bridge system, with 
bearings and expansion joints at both ends of the girders (Fig. 5.1(A)).  
Extended deck  bridge has bearings and the extended seamless and 
continuous deck forward approach with expansion joints at the ends of 
the extended decks. This kind of structural system is sometimes applied 
to new bridge construction projects and retrofitting projects on 
location, with sensitive environmental requirements for infrasound and 
ground vibration, in Japan (Fig. 5.1(B)). 
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Semi-integral bridge [5-4]  has bearings beneath the short piers on the 
abutments without expansion joints, but the horizontal force is not 
released by the bearings to minimise the movement (Fig. 5.1(C)). 
Integral bridge [5-5, 5-6] has neither bearings nor expansion joints 
(Fig. 5. 1(D)).  
The author studied the vibrational impact of these structural systems 
upon the vibrational serviceability and environmental impacts, i.e. 
infrasound and ground vibration. The analyses were conducted for 
flexible single span bridge models on soft ground to study the 
vibrational problems described above, with the knowledge obtained from 
past studies, including field monitoring of existing bridges. 
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5.2 General Description of the Numerical Study 
5.2.1 Parameters of the Analyses 
The analyses were conducted with the finite element method that includes 
structural models of the superstructure, substructure, bearings, 
approach slab, extended deck and moving truck model whose wheels comprise 
two-degree-of-freedom systems of suspension springs and tire springs 
(Fig. 5.5) [5-7]. The parameters for the numerical study are as follows 
(Table 5.1).  
- Approach Length 
- Stiffness of the approach slab bed/extended deck bed (ground beneath 
the approach slab/extended deck) 
- Stiffness of bearings 
- Stiffness of the foundations (completely rigid foundations or pile 
foundations on the soft ground) 
- Tracking lane (lateral location of the moving truck) 
- Speed of the moving truck 
 
example：The case name “I10FPC80” means the following. 
Integral model, 10m approach, Fixed approach slab bed, nominal Pile foundation stiffness, 
Central tracking, 80km/hour 
Table 5.1: Analytical cases 
Conventional Extended Deck Semi-Integral Bridge Integral　Bridge
C E S I
0m 00 － － －
3m － 03 － －
6m － 06 － －
10m － 10 10 10
Nominal － G G G
Fix － F F F
Nominal B B B －
20 times H H H －
Nominal P P P P
Rigid R R R R
Central C C C C
Side S S S S
40km/hour 40 40 40 40










5.2.2 Structural Modelling 
The vibrational characteristics under heavy vehicle were numerically 
studied with three-dimensional (3D) finite element models for four 
different structural models (Figs 5.1 and 5.2). The finite element mesh 
of the integral bridge model is shown in Fig. 5.3. The deck, extended 
decks, approach slabs, webs of the girder and cross beams were modelled 
with shell elements. Abutments were modelled with frame elements. The 
foundations, bearings and soil under the extended deck and approach slab 
were modelled with spring elements (Fig. 5.4). The webs and deck were 
rigidly connected. Barriers were only considered as masses without any 
stiffness for the structure. As the initial stiffness of the non-linear 
stress-strain curve of the elastometric bearing largely influences the 
























































Fig. 5.3: Finite element model of integral bridge 







of bearing stiffness were set to study the influence, nominal equivalent 
linear stiffness and 20 times the nominal value. From our past studies 
of existing bridges, the modified elastic modulus for the small amplitude 
vibration analysis is empirically known to give a good fitting   [5-7, 
5-8]. 
This chapter presents the static characteristics, vibrational 
characteristics (natural frequencies, vibration modes and strain energy 
share for damping) by eigen value analysis with sub-space method and 
dynamic response characteristics under vehicular live load with 
interaction between the structure and heavy vehicle (truck) by dynamic 
analysis for four types of different structures. The dynamic response 
analysis was conducted with Newmark-β method (t = 0,005 sec, β=1/4) 
[5-9, 5-10]. The damping was based on the Rayleigh damping model, with 
the frequencies of first bending mode and 20 Hz with 4,0 % damping constant, 
which were determined to fit the results of the strain energy 
proportional damping model so as not to overestimate the damping in high 
frequency modes [5-11]. 
 
5.2.3 Truck Modelling 
A truck with leaf suspensions and 196 kN total weight was used as the 
heavy vehicle for the analysis, since it is a popular type of truck in 
Japan. The truck model for the analysis and parameters of half side wheels 
are shown in Fig. 5.5 and Table 5.2. Each wheel was modelled as a 
Fig. 5.5: Truck model 


















two-degree-of-freedom system of suspension spring and tire spring. The 
stiffness of each spring was determined so that the dominant frequency 
would conform to that of the regular trucks. The damping coefficients 
were determined according to the results of the complex eigen value 
analysis of the two-degree-of-freedom system model. Two cases of the 
driving speed of the truck, 40 km/hour and 80 km/hour, were considered 
for the analysis, which are the general speed limits for heavy vehicles 
on highways and expressways in Japan. Only one truck in each structural 
model was considered in the analysis. Two cases of the tracking lanes 
were also considered to study the influence of the eccentric loading, 
i.e. central tracking and side tracking. The analytical cases are shown 
in Table 5.1. 
 
Table 5.2: Parameters of truck model 
Parameter Symbol Unit Value
Total weight W ｋN 196,0
Wheel space L1 m 5,76
Wheel space L2 m 6,41
Wheel space L3 m 1,31
Wheel space L4 m 2,00
Body mass MS1 kN/(m/sec2) 1,90
Suspension spring stiffness KS1 kN/m 735,0
Suspension damping coefficient CS1 kN/(m/sec) 9,80
Frequency of suspension spring - Hz 2,54
Suspension damping constant - - 0,03
Axle mass MT1 kN/(m/sec2) 0,60
Tire spring stiffness KT1 kN/m 1568,0
Tire damping coefficient CT1 kN/(m/sec) 0,98
Frequency of tire spring - Hz 10,03
Tire damping constant - - 0,16
Body mass MS1，MS3 kN/(m/sec2) 2,55
Suspension spring stiffness KS2，KS3 kN/m 1470,0
Suspension damping coefficient CS2，CS3 kN/(m/sec) 14,70
Frequency of suspension spring - Hz 3,05
Suspension damping constant - - 0,03
Axle mass MT2，MT3 kN/(m/sec2) 1,20
Tire spring stiffness KT2，KT3 kN/m 3038,0
Tire damping coefficient CT2，CT3 kN/(m/sec) 0,98
Frequency of tire spring - Hz 10,03



















The dynamic behaviour of the structures is influenced by the interaction 
between the roughness of the expansion joints and the road surface, 
structures and vehicles. The roughness at the expansion joints was 
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modelled as 20 mm gaps after field research on existing bridges [5-12]. 
The gaps are located at the ends of the deck for the conventional model, 
at the ends of the extended decks for the extended deck model and at 
the ends of the approach slabs for the semi-integral and integral models.  
The roughness of the road surface is generally modelled by the direct 
or spectral methods. The former defines the measured road surface 
roughness on the road surface in the analysis. The latter is an indirect 
method with power spectral density of the road surface roughness that 
is employed when a stochastic study is conducted. The roughness of the 
road surface exerts a characteristic influence upon each analytical 
model. But the same roughness cannot be applied to these models, as the 
bridge lengths, including approach slabs or extended decks, are not the 
same. Hence the roughness of the road surface was not considered in this 
study in eliminating the influence of the characteristic interaction 
of the roughness of road surface, vehicle and structure, as the purpose 
of this numerical study was to clarify only the influence of the different 
structural systems, including approach parts. Therefore, the roughness 
at the expansion joints was only considered in the analyses. 
 
5.3 Static Analysis 
The static loaded deflections of the mid-span of the central girder in 
central tracking cases are plotted with relation to the position of the 
front axle of the truck in Fig. 5.6, which shows the flexibility of each 
structural model. The origin of the position of the front axle, 0 m in 
Fig. 5.6, is the left end of the approach slab, i.e. 10 m backward from 
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Fig. 5.6: Static deflection of mid-span 
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The following is a summary of main results of static analysis. 
- The maximum deflection of the integral model is 30 % of the 
conventional model. 
- The maximum deflection of the semi-integral model is 34 % of the 
conventional model due to the rigidity of the short piers and 
superstructure. 
- The maximum deflection of the extended deck model is 51 % of the 
conventional model.  
- The influence of the extended deck length is almost negligible 
for static deflection. 
 
5.4 Eigen-value Analysis 
The frequencies of each structural model are shown in Figs. 5.7 and 5.8. 
The major vibration modes of the integral model are shown in Fig. 5.9. 
The strain energy share of members for damping of each model is shown 
in Fig. 5.10. The results are summarised as follows: 
- The influence of the extended deck length on the vibration modes 
is negligible. 
- The influence of the stiffness of the approach slab bed and bearings 
on the vibration modes is slight. 
- The frequencies of semi-integral models give intermediate results 
between extended deck models and integral models. 
- Integral models give the most rigid vibrational behaviour among 
these four types of structural models, while conventional models 
give the most flexible behaviour. 
- The influence of the flexibility of the foundation on the vibration 
modes is not prominent. 
- Webs and deck play a great part in the strain energy share for 
damping. 
- The foundations contribute to the damping of the bending modes 
of the extended deck model, semi-integral model and integral model; 
the more the structure gains rigidity, the more the energy share 
of the foundations for the damping increases (Fig. 5.10). 
- The approach members (i.e. extended deck, extended deck bed, 
approach slab and approach slab bed) contribute to the damping 
of the bending modes, particularly in the case of extended deck 
and semi-integral models. 
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Fig. 5.8: Frequencies of pile foundation models 
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Fig. 5.10(b): Extended deck model (E10GBP) 





































































Fig. 5.10(c): Semi-integral model (S10GBP) 
Fig. 5.10(d): Integral model (I10GBP) 
Fig. 5.10: Strain energy share of members for damping 
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5.5 Dynamic Response Analysis - Serviceability for Pedestrians - 
The ergonomic serviceability of bridge with respect to the vibration 
for pedestrians is well-evaluated with the effective value of response 
velocity, viz. the maximum of root mean square (RMS) of the response 
velocity, from past studies [5-13, 5-14].  In Japan, the evaluation of 
response velocity by RMS is widely applied to the evaluation of 
vibrational bridge serviceability for pedestrians. The relation between 
the degree of comfort and RMS of the response velocity from field walking 
tests is shown in Table 5.3. The RMS of the response velocity is recommended 
to control less than 1,70 cm/sec to prevent discomfort for pedestrians 
from the studies by KAJIKAWA, Y. et al. [5-13, 5-14]. The acceptable 
values of vibration magnitude for comfort are dependent on many factors 
that vary with each application; a limit for the comfort of pedestrians 
is not defined in ISO 2631. It gives only approximate indications of 
likely reactions to various magnitudes of overall vibration values for 
passengers sitting in public transport, as shown in Table 5.4 [5-15].  
 
Table 5.3: Relation between R.M.S. of response velocity and  







0 0 - 0,42 Not perceptible
1 0,42 - 0,85 Lightly perceptible
2 0,85 - 1,70 Definitely perceptible
3 1,70 - 2,70 Lightly hard to walk
4 Greater than 2,70 Extremely hard to walk  
 
Table 5.4: Approximate indications of the relation between  














































Fig. 5.11: Maximum R.M.S. of velocity of side girder of rigid foundation 




























Fig. 5.12: Maximum R.M.S. of velocity of side girder of rigid foundation  




























Fig. 5.13: Maximum R.M.S. of velocity of side girder of soft foundation  




























Fig. 5.14: Maximum R.M.S. of velocity of side girder of soft foundation  




























Fig. 5.15: Maximum R.M.S. of velocity of side girder of rigid foundation 




























Fig. 5.16: Maximum R.M.S. of velocity of side girder of rigid foundation  




























Fig. 5.17: Maximum R.M.S. of velocity of side girder of soft foundation 




























Fig. 5.18: Maximum R.M.S. of velocity of side girder of soft foundation  
models in 80km/hour driving of side tracking lane 
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Thus the serviceability for the pedestrian is evaluated in this paper 
with the maximum of RMS of response velocity of the deck. The tracking 
lanes have a large influence upon the response. Because the natural 
frequencies of the vehicle and torsional first mode of the structures 
are both around 3 Hz, the side girders gain larger responses than the 
central girder from the influence of torsional modes. The results of 
the maximum RMS of the velocity on the side girder at 40 km/hour and 
80 km/hour are shown in Figs. 5.11-5.14 and Figs. 5.15-5.18 respectively. 
The results are summarised as follows: 
 
- The tracking lanes greatly influence the response of torsional 
vibration modes. 
- Conventional models give the largest response and stand out among 
all the structural models. 
- The responses of the extended deck models become lower as their 
lengths become longer; the responses come close to those of 
semi-integral models and integral models, when the lengths of 
extended decks are 10 m. To ensure stable serviceability of the 
extended deck solution, 10 m of extended deck is recommended. 
- Integral models gained the lowest responses in all the cases.  
However, semi-integral models came close in response to the 
integral models. 
- Higher driving speed does not necessarily give a larger response 
velocity for the interaction between vehicle and structures (cf. 
Figs. 5.12 and 5.16). This suggests the existence of a driving speed 
with the maximum response for each structure. 
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5.6 Dynamic Response Analysis – Infrasound - 
The infrasound radiation power of the slab with a large area compared 
to the wavelength of the sound is theoretically defined in Equation (5.1) 
when all the points of the slab are in piston movement with same phase 
and amplitude [5-16]. 
w = ρcSv2     (5.1) 
where 
w : sound radiation power 
ρ : density of air 
c : sound velocity 
S : area of slab 
v : effective value of slab velocity 
 
As described above, the sound radiation power of the infrasound caused 
by the interaction between the structures and vehicle was estimated by 
Eq. (5.1). The results of the maximum sound radiation power are shown 
in Figs. 5.19 and 5.20 and summarised as follows.  
 
- The tracking lanes have only a small influence on the sound 
radiation power of the infrasound. 
- The longer extended deck length would not essentially give smaller 
responses for the interaction between the vehicle and the 
structures. The vibration modes, driving speed and tracking lane 
interact with each other for the response of sound radiation power. 
- When the length of the extended deck is 10 m, the extended deck 
model has good control of sound radiation power. 
- Semi-integral models and integral models also have good control 
of sound radiation power. 
- The influence of the structural system on the sound radiation power 
of the infrasound is prominent, especially between the 









































































































5.7 Dynamic Response Analysis - Ground Vibration - 
Ground vibration caused by the interaction between bridge and vehicles 
sometimes gives an uncomfortable low frequency vibration to the houses 
and buildings around the bridge. The ground vibration caused by traffic 
load is evaluated with the dynamic increment factor (DIF) of the reaction. 
The incremental reaction by dynamic amplification (Rinc) is defined by 
Eq. (5.2): 
Rinc = Rdynamic – Rstatic   (5.2) 
where 
Rdynamic: dynamic reaction 
Rstatic: static reaction 
 
The DIF of the reaction is defined as follows: 
DIF = Rinc / Rstatic    (5.3) 
The DIF of each model is shown in Figs 5.21 and 5.22. The results are as 
follows: 
 
- The soft foundations (pile foundations on soft ground) give a 
relatively large DIF for extended deck models. 
- The longer extended deck length would not essentially give smaller 
responses for the interaction between the vehicle and the structure. 
The vibration modes, driving speed and tracking lane are supposed 
to interact with each other for the response of ground vibration. 
- The higher driving speed generally gives larger responses except 
for the short extended deck models, though the tendency is a little 
different in the case of short extended deck models for the 
interaction of vibration modes between the vehicle and the 
structure. 
- When the length of the extended deck is 6 m or longer, the extended 
deck models are able to control ground vibration. 
- Semi-integral models and integral models are also equally able 











































































The numerical study was conducted to understand and evaluate the dynamic 
behaviour and vibrational serviceability of flexible single span bridges 
with different types of structural systems. The main conclusion of the 
study can be summarised as follows: 
 
- Integral and semi-integral models provide effective and stable 
ergonomic bridge serviceability for pedestrians.  
- The 10 m long extended deck solution is also effective in improving 
the serviceability of existing bridges. 
- Integral and semi-integral models are effective in controlling 
infrasound radiation. 
- Integral, semi-integral and extended deck models with 6 m and 10 
m extended decks are equally effective in controlling ground 
vibration. 
- Conventional simple supported bridge models give the largest 
responses and stand out among the four alternative solutions in 
all aspects. 
- Regarding the extended deck length, 10 m is recommended for 
ergonomic bridge serviceability for pedestrians, infrasound 
radiation and ground vibration. 
- Semi-integral models give intermediate results between the 
extended deck models and integral models. 
- Semi-integral bridge system is a widely applicable and effective 
solution for the vibrational problems, because it can be applicable 
even if the abutments are too short to employ the integral bridge 
system. 
- Integral bridge system is the best solution for the vibrational 
problems for pedestrians, infrasound radiation and ground 
vibration. 
 
The selection of a structural system for bridges should be determined 
considering vibrational aspects, especially when the bridges are 
constructed in sensitive environmental areas and/or have sensitive 
serviceability requirements, because it greatly influences the traffic 
vibration phenomena. Besides, once undesirable vibration phenomena 
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appear, vibration control is generally difficult and more costly than 
applying it at the design phase.  
In need, vibrational analysis and study would be of good use for the 
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Chapter 6 Application of High Performance Lightweight  
Aggregate Concrete to Integral Bridges 
 
6.1 Introduction 
In general, dead load is the major load in design of bridges; especially 
self-load of deck/girder often takes largest share in all the primary 
loads. The lightweightisation of self-load gives eminent benefits as 
follows. 
- Less quantity of prestressing steel and reinforcement 
- Application to longer spans 
- Slenderer superstructure 
- Compacter substructures and foundations 
Lightweight aggregate concrete is one of the most effective solutions 
to extend the application of integral bridges, if it can clear the 
durability and cost requirements. The lightweight aggregate concrete 
bridges have been rarely constructed in Japan because of its scant 
frozen-thawed resistance. 
However, various developments of lightweight aggregate concrete with 
high strength and high frozen-thawed resistance have pursued [6-1,6-2], 
also it was applied to some bridges [6-3, 6-4, 6-5]. 
 
Photo 6.1: Shirarika River Bridge, Central Hokkaido Expressway 
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Among them, Shirarika River Bridge of Hokkaido expressway, 96,2 m long 
(span:28,5 m + 42,7 m + 24,0 m) three span continuous rigid frame 
prestressed concrete bridge completed in 2001, is the first application 
of high performance lightweight aggregate concrete as an integral bridge  
[6-3]. 
The author have been researching the lightweight aggregate concrete with 
low water absorption and high strength which are made from Huang River 
clay deposits in China to apply to the prestressed concrete structures 
(Photo 6.2). 
 
Hereinafter “high performance lightweight aggregate” and “high 
performance lightweight concrete” are respectively called as “HLA” and 
“HLAC”. 
Here, high performance lightweight aggregate (HLA) means the lightweight 
aggregate with high strength and low water absorption. High performance 
lightweight concrete (HLAC) means the concrete with HLA that has higher 
frozen-thawed resistance than conventional lightweight aggregate 
concrete. 
In this chapter, the fundamental properties of HLA and HLAC are 
comprehensively described on material properties, properties of 
confined concrete and dynamic behaviour for serviceability of the single 
span bridges with comparison to those of normal concrete. 
Photo 6.2: High performance lightweight aggregate 
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6.2 Fundamental Properties of HLA and HLAC 
6.2.1 Materials 
It is essential to clarify the basic properties such as elastic modulus, 
creep and shrinkage to apply HLAC to the prestressed concrete structures 
for appropriate evaluation of the prestressing force loss and estimation 
of the deflection. The standard specification of concrete – structural 
performance verification - of JSCE, viz., Japan Society of Civil 
Engineers [6-6] (hereinafter called “JSCE Specification”) allows to 
estimate the creep coefficient as 75 % of that of normal concrete. 
But, it is known that the property of the creep is largely influenced 
by the characteristic condition of the concrete, e.g. the properties 
of aggregate, cement, mix proportion, etc. In addition, the results of 
creep experiments of high performance lightweight concrete are rarely 
reported. 
That is why the authors have conducted the experimental test of creep 
and shrinkage of HLAC with rapid hardening cement that is widely employed 
to the prestressed concrete structures for the improvement of early age 
strength.  
This paper summarises the results of the experiments of creep and 
shrinkage of HLAC and gives discussion about such basic properties with 
comparison to that of normal concrete and conventional design codes. 
The basic properties of HLA are shown in Table 6.1.  
 
Table 6.1: Basic properties of high performance lightweight aggregate (HLA) 
 Results JIS 
Ignition loss % 0,04 Equal or less than 1,0 
Calcium oxide（CaO） % 8,4 - 
Sulfur trioxide 
(SO3) 




(NaCl) % 0,005 Equal or less than 0,01
Organic impurities % Lighter than standard colour
Lighter than  
standard colour 
Clay clod quantity % 0,02 Equal or less than 1,0 
Gradation, fineness modulus FM 6,58 - 
Water absorption % 1,20 - 
Absolutely dry density % 1,16 - 
Solid content of % 64,6 Class A: Equal or more than 60 
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The experiment of HLA was performed in accordance with JIS A 5002. The 
cement employed in the experiments is rapid hardening Portland cement 
in JIS R 5210 and classified as rapid hardening high strength cement 
“RS” in CEB-FIB Model Code 1990  (hereinafter called “MC-90”) as shown 
in Table 6.2 ;the compressive strength is larger than the requirement 
of 52,5 N/mm2 in MC-90. 
 
 
Table: 6.2 Unconfined compressive strength of rapid hardening cement 
Compressive strength (N/mm2) Material age 
1day 3days 7days 28days 
Strength 28,0 47,0 58,0 68,0 
 
 
   Table 6.3: Mix proportion of HLAC                       (kg) 
Water/Cement 




W/C C W G S1 S2 Sp 
37,5% 440 165 416 567 254 3,52 
Cement(c): Rapid Portland cement (“RS” in CEB-FIP Model Code 1990) 
Coarse aggregate(G): HLA(absolute density:1,16） 
Fine aggregate (S1)：Land sand produced in Hasaki, Ibaraki pref. (finer than S2) 
Fine aggregate (S2)：Crashed sand produced in Kuzuu, Tochigi pref. (coarser than S1) 
Admixture(Sp)：High range super plasticizer and air entrainer 
 
 
The HLA with the 1,16 of absolutely dry density was only employed as 
coarse aggregate for the specimens, while fine aggregate comprises 
natural sand. The mix proportion is shown in Table 6.3 and other conditions 
are as follows.  
 
- Nominal Strength: 40 N/mm2 
- Slump: 15 cm 
- Air Content: 4,5 % 
- Maximum Diameter of Coarse Aggregate: 20 mm 
- Unit Mass: 1845,5 kg/m3 
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6.2.2 Experiments of Creep and Shrinkage of HLAC 
6.2.2.1 Experimental Condition 
The experiments were conducted fundamentally based upon “JIS Draft” 
[6-7] for the experiment of creep and shrinkage among major 
specifications, e.g. ASTM C 512, RILEM CPC 12 and “JIS Draft”. Each item 
of the experimental condition is shown in Table 6.4. 
 
Table 6.4: Experimental condition of creep and shrinkage 
Items JIS  draft  Experimental condition 
Shape of specimens 
Shape: Cylinder 
φ : More than 3 times of 
maximum   diameter of 
coarse aggregate and more 
than 10cm 
H: 2-4 times of diameter (φ), 
3φ is desirable 
Cylinder 
（φ150×H300） 
Number of specimens 
Creep: 2 (pcs.) 
Shrinkage: 2 (pcs.) 
Compressive strength and 
static elastic modulus: 
3 (pcs.)
Creep: 2 (pcs.)×2(type) 
Shrinkage: 2 (pcs.) 
Compressive strength and 
static elastic modulus: 
 3 (pcs.) ×2(type) 
Keep 24Hrs in formwork after casting, 
Keep in the water until 7days material age, 
Keep in the atmosphere of 20℃±1℃, R.H.65±5% Curing 
Sealed curing - 
Loading intensity 25-35% of compressive strength 
Around 1/3 of compressive 
strength 
Loading precision Keep the load within ±2% fluctuation 
Material age at the 
beginning of loading Standard: 28days 7days, 28days 
Measured length of 
strain 
More than 3 times of maximum 
diameter of coarse aggregate 
and more than 10cm 
250mm 
Position of 
measurement 2 points of the side of the specimen facing each other 
Precision of strain 
measurement More than 10×10
-6 More than 10×10
-6 
(measured by contact gauge) 
Loading term Standard: 1 year 1 year 
Test equipment - 
Pressure loading  
test equipment 
(illustrated in Fig. 6.1) 
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6.2.2.2 Static Elasticity Test 
The static elasticity test was conducted for 2 cases for the material 
ages at the beginning of loading- 7days and 28days. The results are shown 
in Table 6.5 and Table 6.6. The unconfined compressive strength tests after 
365days creep experiment were also conducted, and then the both results 
were 61,9 N/mm2, i.e.  25 % improvement from 7days strength. The results 
are summarised as follows with comparison to the elastic modulus of 
normal concrete specified in JSCE Specifications.  
(1) The elastic modulus at the   age of 7days is 69,6 % of that 
of normal concrete that is estimated by JSCE Specifications. 
(2)The elastic modulus at the age of 28days is 71,9 % of that 
of normal concrete that is estimated by JSCE Specifications. 
(3)These above results, around 70 % of that of normal concrete, 
is higher than the specified value – 60 % of that of normal 
concrete in JSCE Specifications. 
(4)The unconfined compressive strength after 365days loading 













Table 6.5: Results of static elasticity test（loading start at 7days） 
Maximum 
stress 
Stress at 50×10-6 
longitudinal strain 
Longitudinal strain 






Ｎ/mm2 Ｎ/mm2 ×10-6 Ｎ/mm2 
No.1 50,2 1,2 716 2,34×104 
No.2 48,5 1,3 670 2,39×104 
No.3 49,5 1,6 752 2,13×104 
Average 49,4 1,37 712,7 2,29×104 
 
 
Table 6.6: Results of static elasticity test（loading start at 28days） 
Maximum 
stress 
Stress at 50×10-6 
longitudinal strain
Longitudinal strain 






Ｎ/mm2 Ｎ/mm2 ×10-6 Ｎ/mm2 
No.1 57,6 1,2 788 2,45×104 
No.2 58,3 1,3 752 2,54×104 
No.3 58,9 1,6 787 2,49×104 
Average 58,3 1,37 775,7 2,49×104 
 
6.2.2.3 Results of Creep and Shrinkage Experiments 
The results of creep and shrinkage experiments at 365days loading term 
are shown in Table 6.7. The hysteresis curves of the experiments are 
illustrated in Figs. 6.2 and 6.3. The recovered strains immediately after 
unloading are also shown in Table 6.7. Here, the creep strain is calculated 
from the total strain and elastic strain measured in the creep test, 
shrinkage strain obtained from the parallel performed shrinkage test 
in the same environment measured by contact gauge.  
 
Table 6.7: Results of creep experiment（at 365days loading） 








age at the 
beginning 
of loading ×10-6 
7days 735 489 848 2072 634 






















































Fig. 6.2: Time dependent strain of HLAC  
(loading start at the age of 7days) 
Fig. 6.3: Time dependent strain of HLAC  
(loading start at the age of 28days) 
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6.2.3. Comparison to Design Codes 
6.2.3.1 Comparison to CEB-FIP Model Code 1990 for Creep 
Since the results should be compared with the code that can take into 
account the influence of the type of cement, hereinafter the results 
are discussed with comparison to MC-90 [6-8].  
As the past reports, e.g. JSCE Specifications, says that the creep 
coefficient of lightweight aggregate concrete ranges from 60 % to 85 % 
of that of the normal concrete, the results of the experiments also proves 
the conventional results. The description of JSCE Specification that 
allows taking 75 % of the creep coefficient of normal concrete for 
lightweight concrete gives conservative value to estimate prestressing 
force loss of HLAC (Table 6.8). 
 
6.2.3.2 Behaviour after Unloading 
The unloaded behaviour after 365days loading was also monitored to study 
the behaviour of the recover of the elastic strain, delayed elastic 
strain and flow strain. The monitoring was separately conducted for 
42days and 21days for the specimens which had been begun to load at the 
material age of 7days and 28days. The results are illustrated in Figs. 
6.4, 6.5 and shown in Tables 6.9, 6.10. 
The elastic strains immediately after unloading are not equal to the 
initial applied elastic strains, as shown in Table 6.7, which are 86,3 % 
and 80,7 % of initial applied strains for the specimens of loading age 
at 7days and 28days. Tables 6.7, 6.9 and 6.10 say that it needs 2 or 3 weeks 
for complete recover of initial applied elastic strain. 
 
6.2.3.3 Comparison to CEB-FIP Model Code 1990 for Shrinkage 
The shrinkage of HLAC was also measured in the experiments in the same 
condition as creep test specimens except loading. The results of the 
shrinkage are shown in Table 6.11 with comparison to MC-90 that is able 
to take into account the influence of the kind of cement to calculate 
the shrinkage strain. 
The shrinkage estimation by MC-90 gives about 30 % smaller than the value 
obtained in the experiments. The reason of the difference is not clear 
at present. For one thing, the difference would be merely sprung of the 
variance of the property. On the other hand, autogenous shrinkage would 
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be a reason for the difference. But, MC-90 does not refer to the autogenous 
shrinkage in clear sentence.  
Here, if the autogenous shrinkage is estimated by Eurocode2 [6-9], the 
values are 118×10-6 (7days) and 119×10-6(28days) for each specimen. These 
values would be correspondent to the compensation for the difference 
between estimation by MC-90 and the experimental results, if autogenous 
















































Immediate Elastic Strain after Loading
Fig. 6.4: Time dependent strain of HLAC after unloading  
(loading start at the age of 7days)
Fig. 6.5: Time dependent strain of HLAC after unloading  
(loading start at the age of 28days) 
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with the assumption that the “shrinkage” in MC-90 means drying shrinkage, 
though the contents of “shrinkage” in MC-90 is not clear. 
 
Table 6.8: Comparison between test results and MC-90 




obtained by  
experiments 
Estimation by MC-90 Experiment／MC-90
7days 1,154 1,813 63,7% 
28days 1,083 1,555 69,6% 
 
Table 6.9: Behaviour after unloading (loading start at the age of 7days) 
Total Shrinkage Residual* Day 
×10-6 
0 1438 489 949 
1 1368 491 877 
2 1362 494 868 
3 1357 495 862 
4 1354 497 857 
7 1339 497 842 
14 1344 498 846 
21 1314 496 818 
28 1312 497 815 
35 1302 497 805 
42 1300 497 803 
* The residual strain contains recovering elastic strain, delayed elastic strain and flow 
strain. 
 
Table 6.10: Behaviour after unloading (loading start at the age of 28days) 
Total Shrinkage Residual* Day 
×10-6 
0 1224 254 970 
1 1153 254 899 
2 1140 255 885 
3 1133 255 878 
4 1127 255 872 
7 1125 255 870 
14 1107 258 849 
21 1097 258 839 
* The residual strain contains recovering elastic strain, delayed elastic strain and flow 
strain. 
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Table 6.11: Comparison to MC-90 at the material age of 365days 







7days 496×10-6 375×10-6 132,3% 
28days 493×10-6 378×10-6 130,4% 
 
6.2.4. Conclusions 
Following knowledge was obtained through the experiments. 
(1)The unconfined compressive strength of the specimens after 
365days loading got 25 % improvement compared with those of 
the age of 7days. 
(2)The static elastic modulus of HLAC showed around 70 % value 
of normal concrete. 
(3)The creep coefficient of HLAC was ca. 65 % of those of the 
normal concrete estimated by MC-90. 
(4)The description to allow assuming the creep coefficient of 
HLCA as 75 % of normal concrete by JSCE Specification gives 
conservative value for the estimation of prestressing force 
loss of prestressed concrete structures. 
(5)The shrinkage strain obtained in the experiments proved larger 
than the estimation by MC-90 by around 30 %. 
(6)The recovered strains immediately after the unloading were 
respectively 86 %（loading start at 7days material age） and 
81 % （loading start at 28days material age）of initial applied 
elastic strains. 
(7)The complete recover of the initial applied elastic strain 
needed 2 or 3 weeks in the experiments. 
(8)The HLA employed in these experiments is supposed to be 
suitable for prestressed concrete for the higher elastic 
modulus and the lower creep coefficient as lightweight 
aggregate that gives less deflection and prestressing force 
loss at least considered from the results obtained in the 
experiments.  
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6.3 Confining Effect of HLAC under Axial Pressure Load 
6.3.1 Introduction 
Lightweightisation of structures gives significant benefits for seismic 
design. It leads to less amount of reinforcement, prestressing steel 
or steel; in addition, it also enables slender superstructure and 
compacter foundation compared with normal concrete structures. 
By the way, lightweight aggregate concrete has lower ductility compared 
with normal concrete in general. Confining reinforcement is predominant 
measure to improve the ductility, however the research on confining 
effect of lightweight concrete is not many. In addition, the properties 
of lightweight aggregates are supposed to have characteristic properties 
for each one. 
Thus, experimental study of confining effect of HLAC with HLA made from 
Huang River clay deposits in China was conducted. The axial pressure 
loading tests were performed; analytical model for stress-strain 
relationship was also proposed in this study. 
 
6.3.2. Experiment Plan and Specimens 
Six specimens were planned as 200×200×500 mm square sectioned short 
column. The target compressive strength of every specimen was set as 
40 N/mm2. The mix proportion of HLAC is shown in Table 6.12. 
The results of tensile test of rebar and unconfined compressive test 
of HLAC are shown in Table 6.13; the stress-strain relationship of rebar 
is also shown in Fig. 6.6. 
As confining reinforcement was taken as dominant parameter in this 
experimental study, all the specimens have same longitudinal 
reinforcement; eight deformed bars of SD345, D13 were arranged. The 
longitudinal reinforcement ratio is 2,54 %.  
Two types of transverse layouts and confining reinforcement volume ratio 
were taken as parameters (Fig. 6.7, Table 6.14). The confining 
reinforcement volume ratios were taken as 4,41 %, 2,57 % and 0,05 % for 
Type A layout specimens, while taken as 4,39 %, 2,64 % for Type B layout 
specimens. The spacing “S” of confining rebar was taken as 35 mm, 60 
mm, and 300 mm for each Type A layout specimen, while taken as 60 mm 
and 100 mm for Type B specimens (Table 6.14). 
Two specimens with 300mm confinement spacing and same conditions were 
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made for unconfined concrete column models, because complete unconfined 
concrete models had high risks to fail the experiments in inductile 
failure mode.  
 
Table 6.12: Mix proportion                        (kg) 
Water/Cement 




aggregate Admixture Air 
W/C C W G S Sp A 
40,0% 412 165 418 841 7,42 4,9% 
Slump flow: 650mm 
 
Table 6.13: Results of rebar tensile test and  
unconfined compressive strength of concrete  
Rebar 
Diameter D10 D13 
Test results of cylindrical specimens 
σy (N/mm2) 372,3 372,3 Compressive strength (N/mm2) 38,0 
E×105 (N/mm2) 1,849 1,833 Elastic modulus（104 N/mm2) 1,98 
Elongation (%) 16,1 17,6 Unit weight (kN/m3) 17,0 
 
 




TYPE A              TYPE B 














































Table 6.14: Specimens details 














A-S35 35 4,41 




B-S60 60 4,39 
B-S100 





ｆc’: Unconfined compressive strength 
lρ : Longitudinal reinforcement ratio 
ｆsy: Yield strength of longitudinal rebar 
hρ : Confining reinforcement volume ratio 
ｆyh: Yield strength of confinement rebar 
* A-S300: 2 pcs. of specimens were made to simulate unconfined concrete model 
 
6.3.3 Loading and Measure Equipments 
Monotonic loading was conducted by 5000 kN hydraulic loading equipments. 
The longitudinal displacement was measured by eight displacement gauges 
attached at four sides; two gauges were attached at each side (Fig. 6.8). 
The measurement length of each gauge was 340 mm. The strain of confining 





Fig. 6.8: Loading and measure equipments      Fig. 6.9: Strain gauges of confinements 
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Photo 6.4: View of experiment and specimens after loading
6.3.4 Results and Discussion 
6.3.4.1 Stress-Strain Relationship of Confined Concrete 
The states of experiment and specimens after loading are shown in Photo 
6.4. The longitudinal strain of confined concrete cε  is calculated from 
longitudinal displacement measured by displacement gauges attached at 
each side with dividing by measured length (=340 mm).  
The evaluation of cover concrete is important for calculation of 
compressive stress cσ  
of confined concrete. 
The cover concrete peel 
off commenced when 
longitudinal strain came 
to 0,15 % - 0,20 % in the 
experiment.  
The peel off of cover 
concrete was completed 
when longitudinal rebar 
strain came to 0,35 % - 
0,75 %. 
The confined compressive 
stress of HLAC cσ  is 
calculated as follows 
with consideration of 
obtained results from 
the experiment. 
(1) At the stage of 
cover concrete peel of commencement: 
The confined concrete stress cσ  is calculated by share axial load 
of concrete divided by the area of total section; share axial load 
of concrete is calculated from total load minus longitudinal rebar 
share load. 
(2) At the stage of cover concrete peel off completion: 
The confined concrete stress cσ  is calculated by share axial load 
of confined concrete divided by the area of core concrete. The 
area of core concrete is calculated by total area minus cover 
concrete area.  
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(3) At the stage from cover concrete peel off commencement through 
the state when the column losses axial load resistance: 
The confined concrete stress cσ  is calculated by interpolation 
with three dimensional curvature. 
The stress strain curves of HLAC obtained by above described way are 

































































Fig. 6.10: Measured stress strain relationship  
(Same type rebar layout with different confining reinforcement volume ratio) 
 
 130
Fig. 6.10 is the comparison between the specimens with same type of 
confinement layout and different confining reinforcement volume ratio. 
The increased confinement gives gentler post peak slope. Although peak 
stress of confined concrete is larger than that of unconfined concrete, 
the influence of confinement is slight. However confinement gives 
distinctly higher ductility with comparison between confined specimens 



























































Fig. 6.11: Measured stress strain relationship  
(Same confining reinforcement volume ratio with different type rebar layout) 
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Fig. 6.11 is the comparison between specimens with same confining 
reinforcement volume ratio and different types of confining rebar layout. 
Type B layout gives higher peak stress and ductility. 
Fig. 6.12: Measured stress strain relationship  
(Unconfined specimens) 
 
Table 6.15: Confining rebar strain and tensile stress of specimens  
at peak stress of confined concrete 
Symbols of strain gauges 
Specimen Items 
A-1 A-2 A-3 A-4 B-1 B-2 B-3 B-4 
Strain (%) 0,0516 0,0688 ――― ――― 0,0625 0,1030 ――― ―――A-S35 
Stress (N/mm2) 94,3 127,2 ――― ――― 115,6 190,4 ――― ―――
Strain (%) 0,0577 0,1923 ――― ――― 0,1031 0,2246 ――― ―――A-S60 
Stress (N/mm2) 106,7 355,6 ――― ――― 190,6 372,3 ――― ―――
Strain (%) 0,0577 0,1357 0,0701 0,0954 0,0420 0,1536 0,0600 0,0858B-S60 
Stress (N/mm2) 106,7 250,9 129,6 176,4 77,7 284,0 110,9 158,6
Strain (%) 0,1302 0,2926 0,2139 0,1794 0,2807 0,2432 0,2679 0,7803B-S100 
Stress (N/mm2) 240,7 372,3 372,3 331,7 372,3 372,3 372,3 372,3
 
Fig. 6.12 shows the results of unconfined specimens. The decrease of 
stiffness after peak stress is prominent compared with confined concrete 
specimens; this shows the inductile behaviour of unconfined concrete 
specimens. 
 
6.3.4.2 Strain of Confining Reinforcement 
The strain of confining reinforcement measured by strain gauges attached 
at the confining reinforcement is shown in Fig.6.13. The strain and stress 





























concrete are shown in Table 6.15. 
The majority of confining rebars are not yielded when compressive stress 
of confined concrete is at peak stress. 
However the confining rebars of B-S100 were yielded at six gauges. 
Fig. 6.13: Strain of confining reinforcement 
 
6.3.4.5 Evaluation for Confining Effect on Stress-Strain Relationship 
Not a few numerical models of stress-strain relationship are proposed 
for normal concrete, however only a few models are presented for 
lightweight concrete; particularly the research on the HLA employed in 
this research is not reported. As statistical analysis is not suitable 
to evaluate the confining effect of HLAC for its scant number of 
experimental test as of the state of today, modified model for 
stress-strain relationship from normal concrete is presented as follows. 
The comparison between proposed calculation model and experiment is 
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Stress-Strain Relationship of A-S35                 Stress-Strain Relationship of A-S60 
Stress-Strain Relationship of B-S60                 Stress-Strain Relationship of B-S100 
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where 






















'' ρ     (6.3) 
'
cccoc fEA ε=       (6.4) 











ε      (6.6) 
( ) 341' 10−×= co fε       (6.7) 
( ) 2313017,050,1 '' cc fKfD −+−=      (6.8) 
with 
'
ccf ：Compressive strength of confined concrete (N/mm2) 
'
cf ：Unconfined compressive strength of concrete (N/mm2) 
hρ ：Confining reinforcement volume ratio (%) 
yhf ：Yield strength of confining rebar (N/mm2) 
  C ：Effective length of confining reinforcement (mm) 
  ''d ：Diameter of confining reinforcement (mm) 
  s ：Spacing of confining reinforcement (mm) 
 cD ：Side length of hoop reinforcement (mm) 
 
 
As shown in Fig.6.14, proposed numerical model makes good fitting with 
experiment in the pre-peak area of stress-strain curve. It also shows 
effectively good fitting in the post-peak area of stress-strain curve. 
The test results of four of six specimens show the good fitting with 
analytical model, however there is no telling to assure the propriety 





Experiment of HLAC short columns with HLA made from Huang River clay 
deposits in China was conducted to research the confining effect. The 
analytical model modified from that of normal concrete is proposed in 
this study. Conclusion is summarised as follows. 
(1) The post-peak slope of stress-strain curve is significantly 
improved by increase of confining reinforcement volume ratio, 
however the contribution for peak stress by confinement is slight. 
(2) Type B confinement rebar layout gives better confining effect for 
peak stress and ductility than that of type A layout (i.e. gentle 
slope of post-peak area of stress-strain curve). 
(3) Unconfined specimens showed inductile failure with significant 
decline of compressive stress of concrete after peak stress. 
(4) The analytical model proposed in this study makes effectively good 
fitting with the results of experiment. However, further 
experimental studies are expected to obtain reliable number of 
data to evaluate the validity of the proposed analytical model. 
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6.4 Vibrational Serviceability of HLAC Single Span Bridges 
6.4.1 Introduction 
When lightweight concrete is applied to bridges, the smaller mass and 
lower elastic modulus compared with normal concrete make the bridges 
easy to vibrate by traffic load; in particular, when span extension is 











































































































































Φ 1 200,L=43 000m
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conducted with lightweight concrete, the vibrational serviceability is 
supposed to get worse. This clause discusses the vibrational 
serviceability of single span bridges similarly to chapter 5.  
The structural models are same as those described in chapter 5 (Fig.6.15). 
Cross section of the structural model is also shown in Fig. 6.16. The 
unit weight and elastic modulus are shown in Table 6.16. The parapeters 
of analytical cases and symbols are shown in Table 6.17. Substructures 




6.4.2 Static Analysis 
Static deflection diagrams by truck driving are shown in Figs. 6.17 and 
6.18. The deflections are merely proportional to the elastic modulus; 
other tendencies are same for all the models. 
 
Table 6.16: Material properties 
Material classification Normal concrete model HLAC model 
f’ck 40 N/mm2 
Ec 3,10×104 N/mm2 2,49×104 N/mm2 
Superstructure 
concrete 
W 24,5 kN/m3 20,0 kN/m3 
f’ck 30 N/mm2 
Ec 2,80×104 N/mm2 
Substructure 
concrete 
W 24,5 kN/m3 
f’ck : Characteristic value of unconfined compressive strength 
Ec : Elastic modulus 
W : Unit weight 
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Fig. 6.18: Static deflection of mid-span (HLAC) 
Table 6.17: Analytical cases 
example：The case name “I10FPC80L” means the following.  
Integral model, 10m approach, Fixed approach slab bed, nominal pile foundation stiffness, 
Central tracking, 80km/hour, Lightweight concrete    
Conventional Extended Deck Semi-Integral Bridge Integral　Bridge
C E S I
0m 00 － － －
3m － 03 － －
6m － 06 － －
10m － 10 10 10
Nominal － G G G
Fix － F F F
Nominal B B B －
20 times H H H －
Nominal P P P P
Rigid R R R R
Central C C C C
Side S S S S
40km/hour 40 40 40 40
80km/hour 80 80 80 80
Normal N N N N











6.4.3 Eigen-value Analysis 
Eigen-value analysis was conducted to grasp the fundamental vibrational 
properties of each model. The major vibration modes of the integral model 
are shown in Fig. 6.19. The natural frequencies of primary vibration modes 
are shown in Figs. 6.20 and 6.21. The strain energy share of members for 
damping of each model is shown in Fig. 6.22. The results are summarised 
as follows: 
 
- The tendencies among structural systems (i.e. conventional model, 
extended deck model, semi-integral model and integral model) are 
similar between normal concrete models and HLAC models. 
- The frequencies of HLAC models are slightly less than those of normal 
concrete models. 
- There are almost no differences appeared between normal concrete 
models and HLAC models; structural system is dominant for the strain 
energy share of members for damping regardless of concrete material. 
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Fig. 6.22(A-1): Strain energy share of members for damping, 



































Fig. 6.22(A-2): Strain energy share of members for damping, 
































Fig. 6.22(B-1): Strain energy share of members for damping, 


































Fig. 6.22(B-2): Strain energy share of members for damping, 


































Fig. 6.22 (C-1): Strain energy share of members for damping, 

































Fig. 6.22(C-2): Strain energy share of members for damping, 
































Fig. 6.22(D-1): Strain energy share of members for damping, 
































Fig. 6.22(D-2): Strain energy share of members for damping, 
Integral model with HLAC (I10GBPL) 
 
Fig. 6.22: Strain Energy Share of Members for Damping 
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6.4.4 Dynamic Response Analysis - Serviceability for Pedestrians - 
The ergonomic serviceability of the bridge with respect to the vibration 
for pedestrians of HLAC bridges is also studied by numerical analyses 
with comparison to normal concrete ones.  
The damping ratios of HLAC bridge models are taken as same values of 
normal concrete bridge models from the results of eigen-value analyses. 
The conditions of truck modelling and roughness are same as the 
assumptions described in chapter 5. 
The evaluation is also conducted with effective value of response 
velocity, i.e. the maximum of root mean square (RMS) of the response 
velocity. The results of dynamic response analyses are shown in Figs. 
6.23 and summarised are as follows. 
 
- The qualitative tendencies (e.g. the influences of type of 
structural system, tracking lane, driving speed and type of 
foundation) are effectively same as the results of normal concrete 
models and HLAC models. 
- The responses of HLAC models are lager than those of normal concrete 
models in all the cases. 
- The average increment of RMS of the response velocity of HLAC models 
is 22% of normal concrete models. The increment ratio (HLAC/Normal) 
ranges from 15% to 25%. 
- The responses of integral models, semi integral models and extended 
deck models with 10m extension remain low level even HLAC is 
employed. 
- Integral models gain the lowest responses in all the cases.  
However, semi-integral models come close in response to the 
integral models. Extended deck models with 10m extension also makes 




























Fig. 6.23(A-1): Maximum R.M.S. of velocity of side girder of rigid foundation 




























Fig. 6.23(A-2): Maximum R.M.S. of velocity of side girder of rigid foundation 




























Fig. 6.23(B-1): Maximum R.M.S. of velocity of side girder of rigid foundation 
models in 40km/hour driving of side tracking lane (Normal concrete) 
 
Fig. 6.23(B-2): Maximum R.M.S. of velocity of side girder of Rigid foundation 



























Fig. 6.23(C-1): Maximum R.M.S. of velocity of side girder of soft foundation  
models in 40km/hour driving of central tracking lane (Normal concrete) 
 
Fig. 6.23(C-2): Maximum R.M.S. of velocity of side girder of soft foundation  
models in 40km/hour driving of central tracking lane (HLAC) 
 
Fig. 6.23(D-1): Maximum R.M.S. of velocity of side girder of soft foundation  
models in 40km/hour driving of side tracking lane (Normal concrete) 
 
Fig. 6.23(D-2): Maximum R.M.S. of velocity of side girder of soft foundation  






































































































Fig. 6.23(E-1): Maximum R.M.S. of velocity of side girder of rigid foundation 
models in 80km/hour driving of central tracking lane (Normal concrete) 
 
 
Fig. 6.23(E-2): Maximum R.M.S. of velocity of side girder of rigid foundation 
models in 80km/hour driving of central tracking lane (HLAC) 
 
 
Fig. 6.23(F-1): Maximum R.M.S. of velocity of side girder of rigid foundation  
models in 80km/hour driving of side tracking lane (Normal concrete) 
 
 
Fig. 6.23(F-2): Maximum R.M.S. of velocity of side girder of rigid foundation  






































































































Fig. 6.23(G-1): Maximum R.M.S. of velocity of side girder of soft foundation 
models in 80km/hour driving of central tracking lane (Normal concrete)   
Fig. 6.23(G-2): Maximum R.M.S. of velocity of side girder of soft foundation 
models in 80km/hour driving of central tracking lane (HLAC) 
Fig. 6.23(H-1): Maximum R.M.S. of velocity of side girder of soft foundation 
models in 80km/hour driving of side tracking lane (Normal concrete) 
 
Fig. 6.23(H-2): Maximum R.M.S. of velocity of side girder of soft foundation 
models in 80km/hour driving of side tracking lane (HLAC) 
 
 
Fig. 6.23: Maximum R.M.S. of velocity of side girder of  








































































































6.4.5 Dynamic Response Analysis - Infrasound - 
The infrasound of the deck of HLAC bridge model was also studied with 
comparison to normal concrete bridge model. 
The evaluation of infrasound is conducted by the same method as described 
in chapter 5 with sound radiation power estimated by equation (5.1). 
The results of the maximum sound radiation power are shown in Figs. 6.24 
with comparison between normal concrete models and HLAC models. 
The results are summarised as follows.  
 
- The qualitative tendencies on infrasound radiation power (e.g. 
the influences of type of structural system, tracking lane, driving 
speed and type of foundation) are effectively same as the results 
of normal concrete models and HLAC models. 
- The sound radiation power of HLAC models are lager than those of 
normal concrete models in all the cases. 
- The average increment ratio of sound radiation power of HLAC models 
is 44% with comparison to normal concrete models; it ranges from 
28% to 61%. 
- The responses of integral models, semi integral models and extended 
deck models with 10m extension remain low level even HLAC is 
employed. 
- Integral models gain the lowest responses in all the cases.  
However, semi-integral models and extended deck model with 10m 





























































Fig. 6.24(A-1): Sound radiation power with rigid foundation models 









































































































Fig. 6.24(B-1): Sound radiation power with pile foundation models 
























































Fig. 6.24: Sound radiation power of normal concrete models and HLAC models 
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6.4.6 Dynamic Response Analysis – Ground Vibration - 
The ground vibration of HLAC bridge models were also studied with 
comparison to normal concrete bridge models. 
The evaluation of ground vibration is conducted by the same method as 
described in chapter 5 with dynamic increment factor (DIF) of the 
reaction estimated by equation (5.2). 
The results of dynamic increment factor (DIF) are shown in Figs. 6.25 with 
comparison between normal concrete models and HLAC models. 
The results are summarised as follows.  
 
- The qualitative tendencies on infrasound radiation power (e.g. 
the influences of type of structural system, tracking lane, driving 
speed and type of foundation) are effectively same between the 
results of normal concrete models and HLAC models. 
- The dynamic increment factors of HLAC models are almost equal to 
those of normal concrete models and slightly less than those of 
normal concrete. 
- The average increment ratio of sound radiation power of HLAC models 
is -5% with comparison to normal concrete models; it ranges from 
-8% to +9%. 
- The responses of integral models, semi integral models and extended 
deck models with 10m extension remain low level even HLAC is 
employed. Extended deck models with 10m extension showed the best 
control for ground vibration. 
- In general, the influence of types of concrete materials for ground 











































 Fig. 6.25(A-1): Dynamic increment factor of rigid foundation models  




















































































Fig. 6.25(B-1): Dynamic increment factor of pile foundation models 









































Fig. 6.25(B-2): Dynamic increment factor of pile foundation models 
(HLAC models) 
 
Fig. 6.25: Dynamic increment factors of normal concrete models and HLAC models 
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6.4.5 Conclusion 
The studies on the application of HLAC for integral bridges are 
comprehensively performed on basic material properties, confining 
effect of reinforce concrete column and vibrational serviceability. 
Summarised Conclusion is as follows. 
 
(1) Basic Material Properties 
- The static elastic modulus of HLAC showed around 70 % value of 
normal concrete. 
- The creep coefficient of HLAC was ca. 65 % of those of the normal 
concrete estimated by MC-90. 
- The description to allow assuming the creep coefficient of HLCA 
as 75 % of normal concrete by JSCE Specification gives conservative 
value for the estimation of prestressing force loss of prestressed 
concrete structures and overestimation for deflection. 
- The HLA employed in the experimental study is supposed to be 
suitable for prestressed concrete for the higher elastic modulus 
and the lower creep coefficient as lightweight aggregate that gives 
less deflection and prestressing force loss at least considered 
from the results obtained in the experiments.  
 
(2) Confining Effect 
- The post-peak slope of stress-strain curve is significantly 
improved by increase of confining reinforcement volume ratio, 
however the contribution for peak stress by confinement is slight. 
- Type B confinement rebar layout gives better confining effect for 
peak stress and ductility (i.e. gentle slope of post-peak area 
of stress-strain curve) than type A layout. 
- Unconfined specimens showed inductile failure with significant 
decline of compressive stress of concrete after peak stress. 
- The analytical model proposed in this study makes effectively good 
fitting with the results of experiment. However, further 
experimental studies are expected to obtain reliable number of 




(3) Vibrational Serviceability 
- The type of concrete gives almost no difference for fundamental 
vibrational behaviour (i.e. natural periods, damping, etc.). 
- The influence of type of concrete for serviceability for pedestrian 
is evaluated with RMS of the response velocity. The average 
increment of RMS of the response velocity of HLAC models is 22 % 
of normal concrete models. 
- The influence of type of concrete showed 44 % increment for 
infrasound radiation; appropriate structural system should be 
selected for the control of infrasound. 
- The influence of types of concrete is slight for ground vibration. 
- Integral model, semi integral model and extended deck model with 
10m extension give excellent structural systems for vibrational 
serviceability in all the aspects; they are excellent structural 
systems for vibrational control. 
 
As a whole, HLAC has valid properties that are suitable for longer span 
prestressed concrete structure as follows.  
- Lighter unit weight than normal concrete 
- Low water absorption 
- Higher elastic modulus than conventional lightweight concrete 
- Lower creep coefficient than conventional lightweight concrete 
The smaller elastic modulus and lighter weight gives more easiness to 
vibrate by traffic load, however the numerical analysis proved that 
appropriate selection of structural system as integral bridge can settle 
the vibrational problems. 
Therefore, integral bridge concept including semi integral bridge 
concept is of good use for further extension of bridge length by 
lightweight aggregate concrete. 
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Chapter 7 Conclusion 
 
7.1 Conclusion 
The fundamentally structural characteristics of integral bridges are 
comprehensively discussed in this thesis.  
Chapter 1 covers the concepts of integral bridge and overall scope of 
the studies. 
Chapter 2 provides states of art of integral bridges in Japan and foreign 
countries. The findings and summary of the conclusion of the chapter 
is as follows. 
- More than 100m long span integral bridges have been constructed with 
cement treated soil for abutment backfill in expressway bridges 
recent years in Japan; multiple span integral bridges are also 
employed. 
- Integral bridge is widely taken as a first choice of bridge form 
for the bridge under ca. 60m overall length in the U.K. and states 
and provinces of U.S.A and Canada. 
- Integral bridge is focused in European countries, too. The research 
on integral bridge is keenly conducted in Europe, the U.K. and North 
America. 
- Integral bridges are positively evaluated in the U.K. and North 
America. 
The basic characteristics on static primary loads for integral bridge 
are discussed in Chapter 3. The characteristics of long single span 
integral bridge and curved multiple span integral bridge is also 
discussed. The conclusion is as follows. 
- The influence of stiffness of pile foundation upon post tension 
prestressing efficiency of post tensioning to integral bridge is not 
prominent. Thus, pile foundation would provide wide feasibility to 
post tensioned integral bridges in respect of the prestressing 
efficiency. 
- Spread footing is not feasible as post tensioned integral bridge 
foundation in respect of prestressing efficiency. 
- Partially prestressed concrete structure is preferred to be selected 
to curved integral bridge for its lower constraint stress to fully 
prestressed concrete structure. 
 162
The seismic design toward displacement based design is discussed with 
case study in Chapter 4. The case study between Japan-U.S.A.(California) 
design codes and material standards resulted in fairly different 
confining rebar layouts. In particular, the rebar strain at tensile 
strength is influential upon the required confining rebar amount. 
Chapter 5 provides practical simulations to evaluate vibrational 
serviceability of single span bridges with comparison to four different 
forms of bridge systems. The following is summarised conclusion. 
- Integral bridge and semi-integral bridge shows excellent control 
against traffic vibration for bridge serviceability for 
pedestrians, infrasound and ground vibration. 
- Extended deck bridge with 10m extension also provides good 
vibrational control almost to equal to integral and semi-integral 
bridges. 
The application of high performance lightweight aggregate concrete 
(HLAC) is studied to extend the range of integral bridge by 
lightweightisation in Chapter 6. The following is summarised conclusion. 
- The elastic modulus of HLAC is ca. 70% of that of normal concrete. 
- Creep coefficient of HLAC if ca. 65% of that of normal concrete. 
- Novel equation to estimate stress-strain relationship of confined 
HLAC is proposed that shows effectively good fitting with 
experiment; however, moreover experimental study is still 
necessary to obtain sufficiently reliable results for only six 
specimens were tested. 
- The comparison between HLAC and normal concrete bridge is conducted 
to verify the vibrational serviceability. The types of concrete 
make little differences to natural frequencies and damping ratios. 
- The serviceability of HLAC bridges for pedestrians and infrasound 
showed lower performance than those of normal concrete. However 
appropriate selection of structural system, e.g. integral bridge, 
semi-integral bridge and extended deck bridge with 10m extension, 
gives good control for vibrational serviceability. 
- The types of concrete give little differences to ground vibration 





The cost and effort to maintain the infrastructure will increase with 
the stock accumulation along with ageing society with declining 
birthrate. In these circumstances, low maintenance structures are highly 
expected. 
Integral bridge solution is applicable to short and middle span bridges 
at least up to ca. 60 m over all bridge length considering foreign 
experiences and recent domestic practices. In particular, integral 
bridge should be considered as an alternative of structural system for 
short and middle long bridges (at least up to ca. 60 m long) in planning 
phase. 
The study on the vibrational serviceability proved the excellent 
performance of integral bridge including semi-integral bridge to control 
the vibration by traffic load. The utilisation of integral bridge system 
as a countermeasure for vibration by traffic load would also give new 
frontier in bridge engineering. 
 
7.3 Feature Assignment 
The following is expected as feature assignment of integral bridges. 
- Long time monitoring of integral bridges are highly expected, since 
integral bridge applications are limited over recent years in Japan. 
The monitoring would serve as valuable data to feedback themselves 
to the integral bridge plan, design, construction and maintenance; 
it would also enable the extension of the range of integral bridge 
application. 
- The interaction between abutment and backfill soil should be 
studied with monitoring to grasp the behaviour for cyclic thermal 
effects under domestic conditions. 
- Displacement based design should be established for integral 
bridge seismic design. In the procedure of displacement based 
design establishment, code calibration with rebar strain at 
tensile strength should be conducted to enable the application 
of various kinds of materials rationally. 
- In addition, serviceability limit state in damaged condition after 
earthquake should be established besides research on structural 
characteristics of integral bridge itself to secure safety for 
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bridge users, especially for highway drivers and passengers. It 
is rational for the limit state to be given in displacement 
dimension. 
- The study on refurbishment of existing simply supported bridge 
into integral bridge is expected, for it is of good use for bridge 
retrofitting projects.  
- As semi-integral bridge is relatively new concept of bridge system , 
the research on it is highly expected; for semi-integral bridge 







Although integral bridge is the simplest structural system without 
bearing, expansion joint and seismic failsafe device, it has excellent 
structural characteristics. 
 
- Maintenance friendliness 
- Higher redundancy for breaking loads 
- Higher redundancy for seismic performance 
- Excellent vibrational serviceability 
 
The diffusion and development of integral bridge are highly expected 
with recognition of above described benefits. In a sénse, integral bridge 
is a form of supreme structural systems. The following passage seems 
to express the quintessence of structural design. 
 
 
Il semble que la perfection soit atteinte non quand il n'y a plus rien 
à ajouter, mais quand il n'y a plus rien à retrancher. 
 
Terre des Hommes (1939) 
Antoine de Saint-Exupéry 
 
 
Perfection is achieved in design, not when there is nothing more to add, 
but when there is nothing left to take away. 
Wind, Sand and Stars (1939) 
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